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Abstract
Despite the critical role algae serve as primary producers, increases or
accumulation of certain algae may result in Harmful Algal Blooms (HABs). Algal toxins
from these blooms contribute significantly to incidences of food borne illness, and
evidence suggests HABs are expanding in frequency and distribution. Mitigation of
these HABs without knowledge of the ecological purpose and biochemical regulation of
their toxins is highly unlikely. The production, function, and potential of secondary
metabolites produced by the dinoflagellates Karenia brevis and Pyrodinium bahamense,
were investigated.
Brevetoxins were demonstrated by two different methods to localize within the
cytosol of Karenia brevis. Differential and density-dependent centrifugation followed by
Enzyme Linked Immunosorbant Assays (ELISAs) indicated that brevetoxin was not
contained by any cellular organelles. Light microscopy of brevetoxin immunolabeled
preserved cells visually confirmed these results, showing stain to be distributed
throughout the cytosol and notably absent from the nucleus. These results have
implications for brevetoxin synthesis and function. The complex cyclization process of
brevetoxin therefore likely occurs in the cytosol after export of a polyketide precursor
from the chloroplast. Functionally, this cellular location suggests use of brevetoxin in
cytosolic functions such as signaling and chelation.

vi

Culture experiments of Pyrodinium. bahamense var. bahamense were undertaken
to determine the effects of nutrients and environmental conditions on growth
requirements and toxin production. HPLC analysis was employed to separate and
quantify the saxitoxins. As eutrophication is a concern where this species is most
problematic, in the Indian River Lagoon area of Florida, utilization of urea and
ammonium were explored and compared to nitrate. While all nitrogen conditions yielded
similar growth curves in P. bahamense, the cultures using urea contained a substantially
lesser amount of the potent STX congener. This difference implies the urease enzyme
utilized by P. bahamense is inefficient and urea based fertilizers are unlikely to create
blooms with greater toxicity. Cyst production in P. bahamense was found to depend on
nutrient limitation. Cultures utilizing ammonium displayed a smaller proportion of
cysts, presumably attributable to the bioavailablility of ammonium. The total toxin
content of P. bahamense was found to vary inversely with growth rate, although mole
percents of the saxitoxins were largely unchanged over a suite of environmental
parameters including temperature, salinity, and pH. Possible reasons for the reported
increase in HABs include global warming, dumping of ballast water, and nutrient influx.
These studies outline controls on toxin synthesis and production and conditions needed
for growth and will aid in predicting environmental and human health effects pending
these global changes.
Extracts of K. brevis and P. bahamense cultures were assayed against various
pathogenic agents. Growth of K. pneumoniae was inhibited by extracts of both K. brevis
and P. bahamense. An extract of K. brevis additionally inhibited MRSA, while a P.
bahamense extract additionally inhibited both S. aureus and MRSA as well as the most
vii

common protozoan vector of malaria, P. falciparum. The activity of a dinoflagellate
against an Apicomplexan (P. falciparum) found in this study is especially interesting as
the phyla are closely phylogenetically related. Differences in activity of extracts against
P. falciparum between a clonal culture on P. bahamense from the Indian River Lagoon
and a 2011 bloom sampled from Tampa Bay were observed. Drugs are losing their
effectiveness against these infectious agents, making pursuit of new drugs an important
field. These results suggest that HAB dinoflagellates hold promise in drug discovery
similar to other phytoplankton.
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Chapter One: Introduction

Harmful Algal Blooms
Algae are essential primary producers providing fixed carbon to consumers and
contributing a significant portion of Earth’s oxygen supply as a by-product. They
contributed a central evolutionary role as the first photosynthetic organisms, changing the
primordial atmosphere to one conducive to aerobic respiration. Despite their critical
ecosystem functions, rapid increases or accumulation of certain algae may result in harm
to other organisms or the environment. These events are dubbed Harmful Algal Blooms
(HABs). Many HABs reach a concentration that alters the color of the water, resulting in
the pseudonym, Red Tides. Although some HABs are classified as harmful due to the
subsequent microbial depletion of oxygen upon the bloom’s demise, approximately 2%
of phytoplankton species produce toxic secondary metabolites (Smayda, 1997) that can
result in impacts to public health, wildlife, livestock, and the economy (Anderson et al.,
2000). Occurring worldwide, they have been documented throughout history:
"all the waters that were in the river turned to blood, and the fish that were in the river
died…” (Exodus 7: 20-21).
Cabeza de Vaca in 1534 noted that the Avavares Indians characterized one seasonal
change as:
“the times when the fruit comes to ripen and the fish die” (Adorno and Pautz, 1999).
1

Approximately 20% of foodborne illness in the U.S. result from consumption of
seafood, and half of these are attributable to algal toxins (Ahmed, 1991). Worldwide,
there are 60,000 intoxication events yearly by marine algal toxins, resulting in a mortality
rate of 1.5% (Van Dolah, 2000). Some blooms can cause other health effects such as
contact dermatitis and respiratory irritation. Fish kills are a common result of HABs, and
many other taxa that feed on contaminated fish are also affected. Chronic exposure of
wildlife to these toxins is difficult to investigate, but effects may include promotion of
tumors (Landsberg, 1996; Landsberg et al., 1999) and a decrease in survival in larvae
(Edmunds et al., 1999).
A global increase in occurrence, duration, and geographic spread of HABs has
been reported (Smayda and White, 1990; Hallegraeff, 1993; Van Dolah, 2000). Although
increased awareness and scientific sampling may contribute to the inflation of recent
numbers, in some cases the expansion of blooms has been well documented.
Anthropogenic alterations to the environment including climate change, deposition of
species via ballast water, and nutrient run-off are conjectured to be eliciting this increase.
Although anecdotal accounts of some widespread blooms were reported prior to
significant anthropogenic nutrient inputs (Kirkpatrick et al., 2004), there is strong
evidence that nutrient runoff and subsequent eutrophication of coastal waters in particular
increases the incidence of HABs (Smayda and White, 1990; Hallegraeff, 1993;
Burkholder, 1998; Paerl and Whitall, 1999). Mining of phosphorus and production of
urea has increased exponentially over the past few decades (Nixon, 1995). An 8-fold
increase in occurrence of HABs in Hong Kong from 1976-1986 correlated with a nutrient
increase of 2.5 times, concurrent with a 6-fold population increase. Negative
2

environmental effects and costs associated with HABs make it important to investigate
their toxin production and environmental stimuli.

Karenia brevis and Brevetoxins
The most prevalent HABs along the Florida gulf coast are caused by Karenia
brevis , an unarmoured gymnodinoid dinoflagellate (Davis, 1948). Karenia brevis
(formerly Ptychodiscus brevis and Gymnodinium breve) naturally occurs in the Gulf of
Mexico, the Caribbean, and New Zealand. Blooms frequent Texas and Florida coasts and
the Loop Current and Gulf Stream occasionally transport blooms up the East coast of the
US (Tester and Steidinger, 1997). Karenia brevis cells are positively phototactic, and
concentrate in the upper water column when sunlit (Steidinger, 1975; Heil, 1986).
Blooms originate offshore and are transported inshore by tides and currents, while
thermal and salinity fronts act as both barriers and transport mechanisms concentrating
the cells (Vargo et al., 2008).
The brevetoxins (Figure 1.1) produced by K. brevis are neurotoxins that
depolarize voltage gated sodium channels and inhibit repolarization (Baden et al., 1984).
They are large lipid-soluble molecules characterized by a rigid cyclic polyether ladder
structure (Lin et al., 1981). There are more than 20 compounds in the brevetoxin family
which fall into two distinct backbone structures; A-type backbone and B-type backbone
(Figure 1.1) (Abraham et al., 2006). Though PbTx-1 (A-type) is the most toxic
brevetoxin, PbTx-2 (B-type) is the most common in bloom water. Environmental
impacts of these K. brevis blooms include fish kills, marine mammal, sea turtle, and sea
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bird mortalities and effects on benthic communities including sea grasses and corals
(Steidinger, 1973; Bossart et al., 1998; Trainer and Baden, 1999; Flewelling et al., 2005)

Brevetoxin A

Brevetoxin B

Figure 1.1. Backbones of brevetoxin.

In fact, K. brevis was first identified after a devastating kill of an estimated 50 million
fish from a 1946-1947 bloom (Gunter et al., 1948). Populations of species in
ecologically precarious positions can be intensely affected; in 1996 at least 149
endangered manatees died during a persistent red tide (Bossart et al., 1998).

4

Human consumption of brevetoxin-contaminated shellfish causes neurotoxic
shellfish poisoning (NSP), which is characterized by gastrointestinal and neurological
symptoms. Karenia brevis cells are fragile, and when exposed to shear forces and wave
action, break, releasing brevetoxins into the water and air. Respiratory irritation similar
to asthma may occur after inhalation of aerosolized brevetoxins (Fleming et al., 2005;
Pierce et al., 2005). No human fatalities have been reported, but hospitalizations have
occurred.
The economy of Florida is closely associated with its coasts and is greatly
affected by costs and lost income attributable to K. brevis blooms. From 1987-1992 the
economic loss from blooms on the West Florida shelf were estimated to total
approximately 49 million dollars (Anderson et al., 2000).

Pyrodinium bahamense and Saxitoxins
Pyrodinium bahamense is a thecate, chain-forming dinoflagellate, with var.
bahamense found in the Atlantic, Caribbean, and Gulf of Mexico. Like its Pacific variety,
var. compressum, it produces saxitoxins (Landsberg et al., 2006). Several other genera of
dinoflagellates (Alexandrium and Gymnodinium) and cyanobacteria also produce
saxitoxin (Oshima et al., 1987; Oshima et al., 1993; Cembella, 1998).
Saxitoxins are a group of hydrophilic neurotoxic purine alkaloids (Figure 1.2).
More than 50 forms exist and are classified by their sidechains: carbamate, sulfate,
hydroxyl, hydroxylbenzoate, and acetate (Wiese et al., 2010). The guanidinum groups on
saxitoxins potently interact with the carboxyl groups at site one of voltage gated sodium
channels, reversibly blocking the sodium influx that would create action potentials along
5

nerve cells (Catterall, 1985; Ahmed, 1991). They also have been demonstrated to block
calcium channels and prolong gating of potassium channels (Wang et al., 2003; Su et al.,
2004). Each different form of saxitoxin possesses characteristic toxicity to these
receptors.

Figure 1.2. General form of saxitoxin.

While filter feeding, shellfish can bioaccumulate saxitoxins that may cause
paralytic shellfish poisoning (PSP) if consumed (Sommer and Meyer, 1937; Gainey Jr
and Shumway, 1988; Shumway, 1995). Symptoms include gastrointestinal effects,
parasthesias, ataxia, slurred speech, and death by respiratory paralysis. Approximately
2,000 cases of PSP occur each year with a mortality rate of 15% (Hallegraeff, 1993).
Most occurrences of PSP fatalities worldwide have ultimately been attributed to
saxitoxins derived from P.bahamense var. compressum (Usup and Azanza, 1998). In the
United States, PSP incidents have occurred in New England and the Pacific Northwest by
exposure to Alexandrium species exclusively (Gessner, 2000).
Saxitoxin became a concern in Florida after P.bahamense var. bahamense
specifically was implicated in 28 cases from 2002 to 2004 consumption of puffer fish
6

caught in the Indian River Lagoon (Landsberg et al., 2006; Deeds et al., 2008).
Poisonings in this region prior to this date were assumed to by tetrodotoxin related, as
pufferfish have modified sodium channel proteins and have long been known as vectors
of tetrodotoxin. Because saxitoxin is a guanidine alkaloid structurally and functionally
similar to tetrodotoxin (Figure 1.3), it is bioaccumulated by pufferfish in a similar
fashion; however, it is distributed to a greater extent in the muscle, making human
consumption increasingly dangerous (Abbott et al., 2009). A moratorium on pufferfish
harvesting in the IRL has since been practiced. The terms pufferfish poisoning (PFP) and
saxitoxin pufferfish poisoning (SPFP) denote tetrodotoxin and saxitoxin respectively as
the causative toxins (Landsberg et al., 2006).

Figure 1.3. Tetrodotoxin.

Research Objectives
The two most devastating HAB dinoflagellates in Florida are K. brevis and
P.bahamense. It is not fully known how toxin production in these dinoflagellates
changes under different environmental parameters, where the toxins are stored, or
whether other bioactive compounds are produced. These studies are essential to
7

understand the biology of these organisms and the dynamics of the ecosystems in which
they occur. Understanding the production of algal toxins may aid in prediction of bloom
toxicity and potentially bloom mitigation. Further, enhancing knowledge of biosynthetic
regulation and chemical diversity can aid in comprehending the role of specific
compounds in chemical ecology.

Production of secondary metabolites by Florida

harmful algal bloom species was investigated by a variety of methods.

Specific objectives of the current research were the following:
To determine the cellular localization of brevetoxins in K. brevis (Chapter 2).
To determine the effect of nitrogen source on growth, toxin production, and
protein content in P. bahamense (Chapter 3).
To screen for specific environmental factors controlling toxin production in P.
bahamense (Chapter 4).
To investigate activity of K. brevis and P.bahamense against infectious agents
(Chapter 5).
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Chapter Two: Cellular Localization of Brevetoxin in Karenia brevis

Introduction
Brevetoxins are large and complex polyether molecules produced by K. brevis
upwards of daltons. The cellular expense to produce such a molecule constitutively
would suggest its import; yet the existence of hearty non-brevetoxin producing Karenia
species, including K. mikimotoi, implies that it is dispensable. Brevetoxin
immunochemistry has been used primarily to identify target tissues in animals affected by
the toxins. However, understanding where brevetoxins are stored within the organism
producing them, K. brevis, may aid in understanding its biosynthesis and role within the
cell and the ecosystem. Unpublished density centrifugation (Baden, UNCW) and
immunocytochemistry data (Naar, UNCW) have not been sufficient to indicate a point
source of brevetoxin in the cell (Baden et al., 2005).
The ecological function of the brevetoxins remains elusive. Two theories
accounting for the toxin production by dinoflagellates include allelopathy and grazing
deterrence, both of which have been demonstrated with karlotoxins (Adolf et al., 2007;
Sheng et al., 2010). But while many other toxin-producing dinoflagellates display
allelopathy, this effect is seldom linked to the toxins (Prince et al., 2010). For example,
saxitoxins produced by Alexandrium species do not account for the allelopathic effects of
filtrates toward phytoplankton competitors (Tillman, 2002; Fistarol et al., 2004). Karenia
brevis was also found to produce allelopathic compounds (Kubanek et al., 2005; Prince
et al., 2010), however, no inhibition was found in Asterionellopsis glacialis when
exposed to the brevetoxins specifically (Prince et al., 2010). The massive fish kills that
9

occur due to brevetoxins have been conjectured to play a role in grazer deterrence, but
this may be an indirect consequence of toxin production (Turner et al., 1998) A recent
study points to salinity changes as an initiator of brevetoxin production (Errera and
Campbell, 2011), but further studies are needed to confirm this function.
Brevetoxins are thought to be synthesized by type I polyketide synthases (PKS)
within the chloroplast and then cyclized by an epoxide cascade (Shimizu, 1990; Leadlay
et al., 2001; Shimizu, 2003). A PKS gene with similarities to both type I and II PKSs
was recently sequenced in K. brevis (Monroe and Van Dolah, 2008), but the recent
discovery of the far simpler brevetoxin relative, brevisamide, suggests use of a
nonribosomal peptide synthetase polyketide synthase complex (NRPS-PKS) (Satake et
al., 2008). This type of complex had previously been found in bacteria and
cyanobacteria, and was recently found in K. brevis ((López-Legentil et al., 2010).
Unlike microcystins, which remain in the thylakoid region (Young et al., 2005),
brevetoxins are not found in the chloroplast fraction (personal correspondence with Dr.
Fran Van Dolah via Dr. Karen Steidinger). They therefore must be exported to another
cellular location.

Objectives
The present study was undertaken to examine the location of brevetoxin
accumulation in K. brevis . Two classic methods of studying cellular components are
cellular fractionation and microscopy, and both were employed. Cellular fractionation by
differential centrifugation was followed by Enzyme Linked Immunosorbant Assays
(ELISAs) to determine cellular localization. Fixed cells were also immunolabeled for
10

brevetoxin and examined by light microscope. Immunolabeling in Karenia mikimotoi, a
non-toxin producing member of the same genus, was used as a control.

Materials and Methods

Cells and Culture Conditions
K. brevis cells were clone “Jacksonville C4” isolated by the FWC Fish and
Wildlife Research Institute (FWRI) from Neptune Beach (30.3083 N, 81.3958 W) on
October 14th, 1999. Karenia mikimotoi cells were clone “TAMU C22” isolated by Texas
A&M University. Both clones were grown at 25°C on a 12/12 light cycle in GP/2
medium since their isolation.

Cell Fractionation
K. brevis culture was concentrated in a 50 mL centrifuge tube by centrifugation
at 500 x g for ten minutes. Differential centrifugation was then carried out by the
following generally accepted methods. The supernatant was discarded and the pellet was
disrupted with 0.25 M sucrose buffer. The cells were allowed to lyse for ten minutes in
the cold buffer, then further broken in a cooled Dounce homogenizer with approximately
80 passes. The lysate was examined under a microscope to ensure sufficient lysis, and
then centrifuged at 3,500 x g for ten minutes at 4°C, producing a nuclear pellet. The
supernatant was then centrifuged at 100,000 x g for one hour at 15°C to yield a pellet of
most remaining cellular components. Finally, the supernatant was mixed with a 0.78 M
sucrose buffer and fractionated in a buoyancy gradient as previously described (Yu et al.,
11

1998). A 0.27 M sucrose buffer, 0.13 M sucrose buffer, and “Top” buffer containing no
sucrose were layered on top of the supernatant and centrifuged at 192,000 x g for two
hours at 15°C. All sucrose buffers contained 25 mM Tris-HCl to maintain a pH of
approximately 8.1, 2.5 mM EDTA to chelate protease cofactors, and 0.25 M sucrose to
keep organelle membranes intact. All steps were kept cold to avoid degradation and
enzymatic activity.
To determine the location of lipid bodies, a subsample of each layer of the
buoyancy gradient experiment was preserved in 2.5% gluteraldehyde. A 1% stock
solution of Oil red O was prepared in isopropanol (Bartz et al., 2007). This solution was
diluted 3:2 with deionized water to create a working solution and added dropwise to
preserved samples to visualize lipid droplets under light microscope.

ELISA
Enzyme Linked Immunosorbant Assays were used to determine cell fractions rich
in brevetoxins (ELISAs) with a procedure modified from (Naar et al., 2002). The
protocol will be briefly outlined here. Flat-bottomed 96 well plates were coated with
PbTx3-Bovine Serum Albumin (BSA) conjugate followed by blocking buffer and rinsed
with phosphate buffered saline (PBS). Samples and standards were next added in serial
dilutions down the plate. Reference wells and a quality control well were plated on the
last row. Anti-brevetoxin primary antibody was added to all wells and allowed to
competitively bind with brevetoxin in the sample, standard, or bound to the plate. The
plate was rinsed and horse radish peroxidase (HRP) linked secondary antibody was then
allowed to attach to the primary antibody bound to the plate. The plate was again rinsed,
12

and tetramethylbenzidine (3,3,5,5 TMB) was added to react with the HRP, forming a blue
colored product. To stop the reaction, sulfuric acid was added and plates were quickly
read at 450 nm (yellow). Due to the competition of toxin in samples with that bound to
the plate, wells of samples and standards containing toxin contain less colored product.
This ELISA mainly detects brevetoxins with the B type backbone, which are the most
prevalent in most K. brevis environmental samples and clones including the clone used
in this study. The antibodies used also possess a low affinity for A-type brevetoxins.

Fixing, Brevetoxin Labeling, and Light Microscopy
K.brevis and K. mikimotoi cultures were centrifuged at 500 x g for 10 minutes.
The supernatant was discarded, and saline ethanol was added to disrupt the pellet and
allowed to preserve the cells for 30 minutes. The cells in suspension were centrifuged for
2 minutes at 3500 x g and the supernatant was discarded. Phosphate buffered saline
(PBS) was added to break up the pellet, let sit two minutes, and centrifuged. The
supernatant was discarded. This PBS wash step was repeated an additional time.
Blocking buffer (2.5% BSA in PBS with 0.1% Triton X) was added to cover and break
up the pellet and allowed to incubate 30 minutes. The centrifugation and PBS wash
procedure in the previous section was used after this step and each of the following
labeling steps. Monoclonal mouse PbTx primary antibody (NeoClone) was diluted in
PBS with 0.1% Triton X, added to cover and break up the pellet, and incubated at 4°C
overnight. The secondary anti-mouse antibody conjugated to a HRP multimer (Ventana)
was added and incubated for 30 minutes at room temperature. Finally, metal enhanced
diaminobenzidine (DAB) substrate (Thermo Scientific) was added and allowed to
13

incubate 15 minutes. After this step, tap water was used to wash the pellet instead of
PBS, as use of PBS at this step will rinse the DAB stain away. A K. brevis control was
produced by following this protocol, but excluding the primary antibody. Cells were
viewed on an Olympus IX71 inverted microscope and visualized with an Olympus DP70
camera.

Electron Microscopy Preparation
Cells were transferred to a 2 mL centrifuge tube and centrifuged at 1000 x g five
minutes. The supernatant was discarded and 1% osmium tetroxide was added for six
hours. The osmicated suspension was centrifuged, and osmium was pipetted off.
Warmed histogel was pipetted into the microcentrifuge tube, keeping the pellet intact.
The gel was centrifuged for five minutes while it congealed and then removed. Gel
pieces were cut to approximately 1mm cubes and dehydrated in increasing ethanol
concentrations. The 100% dehydration step was repeated three times for 15 minutes to
ensure dehydration. Spurr’s resin was prepared and diluted 1:1 with ethanol. The gel
pieces were incubated in this mixture for 30 minutes, twice in Spurr’s resin for an hour,
and finally embedded in Spurr’s resin and baked at 65°C for 8 hours.
Embedded samples were sectioned in 90nm sections by ultramicrotome using a
diamond knife. The sections were flattened with xylene fumes and captured onto 75x300
copper grids. No additional staining was needed. The grids were viewed by transmission
electron microscope.
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Results
Differential centrifugation was first used to fractionate cellular components in K.
brevis (Figure 2.1). In theory, centrifugation of the homogenized cells at 3,500 x g
produced a pellet rich in nuclei, chloroplasts, and any unlysed cells. The pellet produced
by centrifuging the supernatant at 100,000 x g contained most of the smaller cell
components such as mitochondria and microsomes. The final pellet produced by
centrifugation at 192,000 x g should contain predominately ribosomes. Brevetoxin was
retained in the supernatant after increasing differential centrifugations including 192,000
x g for two hours.

Figure 2.1. Cell fractionation scheme. Circled fractions are those that were found to
contain brevetoxins.

Density dependent fractionation was used to further separate the final supernatant.
This fractionation separated based on buoyancy, where the lipid components migrated
upward during centrifugation. Brevetoxins were found predominantly in the original
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supernatant fraction, while lipid droplets had migrated to the top fraction. Upper layers
and the ribosomal pellet did not contain appreciable brevetoxin.
DAB immunostaining of K. brevis also localized brevetoxin to the cytoplasm (Figure
2.2), characterized by the dark brown coloration. The K. brevis control experiment
excluded primary antibody and did not show brevetoxin immunolabel. The K. mikimotoi
control also remained unstained. The nucleus in K. brevis was noticeably not stained.
Electron microscopy did not indicate point localizations within the cell (not pictured).

Discussion
Based upon both fractionation of cellular components and microscopy,
brevetoxins appear to be localized to the cytosol in K. brevis. Cellular fractionation by
centrifugation at a rate of 192,000 x g for two hours revealed that brevetoxins remain in
the cytosol. Karenia brevis is known to contain lipid droplets which seem likely sinks
for the lipophilic brevetoxins, however buoyancy fractionation revealed that the lipid
droplets distribute independently of brevetoxin concentration, ruling them out as
brevetoxin storage locations. The presence of a lipophilic compound in the cytoplasm
seems rather counterintuitive, however, ovatoxin from Ostreopsis was also found
localized to the cytoplasm by confocal microscopy (Honsell et al., 2011).
Light microscopy supported these findings, showing the brown stain of DAB
localized to the cytosolic vesicles and being noticeably absent from nuclei. Both controls
for nonspecific staining were not appreciably stained by DAB. The corroboration
of these two techniques suggests that the cytosolic location of brevetoxin found by
differential centrifugation is not likely due to rupture of organelles.
16

Figure 2.2. Light micrographs of brevetoxin immunolabeling experiment. Brevetoxin
accumulation is shown in dark brown. No brevetoxins are apparent in the K.
brevis control or in K. mikimotoi.
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Furthermore, gentle homogenization, sucrose solutions common in cell fractionation,
and cold temperatures were utilized to minimize rupture and degradation. Electron
microscopy was employed, but the lack of staining by this method made this portion of
the experiment minimally conclusive. More microscopy will be needed to further resolve
this picture. The brevetoxins may be localizing within or to the membranes of
cytoplasmic vesicles, or to portions of the cytoskeleton.
Because synthesis of polyketides occurs in the chloroplasts of dinoflagellates, the
lack of brevetoxin in this location indicates that brevetoxin is exported to the cytosol after
construction. The mechanism of brevetoxin synthesis is thought to involve a cascade of
condensations from a polyunsaturated all-Entgegen intermediate that is epoxidized
(Dewick, 2001). This configuration could easily be obtained by the final NADPH
induced reduction of α,β-unsaturated acyl-ACP in polyketide synthesis. The epoxidation
process was reported to occur spontaneously in polar solvent with a hydroxyltetrapyranyl
ester intermediate (Vilotijevic and Jamison, 2007). This suggests that the first ether ring
formed requires catalysis, and the remaining form spontaneously (Satake et al., 2008).
Therefore it is possible that brevetoxin intermediates are synthesized in the chloroplast
and exported to the cytoplasm for cyclization. Chloroplasts, therefore, may be a likely
location to peruse for long-chain unsaturated brevetoxin precursors. Brevisamide is a
recently discovered compound in K. brevis that contains a solitary ether ring that is
formed by a cyclization proceeding in an opposing direction to polyketide chain assembly
(Satake et al., 2008). The method of cyclization itself is useful to synthetic chemists, and
determining the cellular location of brevisamide may also be helpful in determining if the
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presumed catalysis to produce the first cyclization in brevetoxin synthesis occurs in the
chloroplast or in the cytosol.
The cytosolic location and the rigidity of the molecule suggest a role in signaling
or chelation. A group of polyketides closely structurally related to the brevetoxins are the
polyketide ionophores. These molecules are produced predominantly by Streptomyces
species, and broadly inhibit bacteria and parasites. Monensin is one of these polyether
antibiotics thought to have an analogous biosynthetic pathway to brevetoxin (Dewick,
2001). It causes an influx of sodium ions in coccidae, fatally increasing osmotic pressure
(Dewick, 2001). Because brevetoxins are structurally related, they may exhibit similar
action: as ionophores in the cytosol to inhibit endosymbionts, in osmoregulation of their
own internal environment, or in chelation. Most PKS genes in K. brevis were found to
be more related to cyanobacterial than other eukaryotic PKS sequences (López-Legentil
et al., 2010), which possibly links brevetoxin production even more closely with the
bacterial production of polyether ionophores. Brevetoxins, however, are far more rigid
than these ionophores, and may not act in the same capacity.
Reflecting the recent findings that brevetoxin production is associated with
salinity change (from 35 to 27), it is of note that other osmoregulatory molecules such as
trehalose are found in the cytosol. K. mikimotoi, however, does not produce brevetoxins.
Although the lack of brevetoxins does not preclude the existence of functionally related
compounds in K. mikimotoi, brevetoxin itself seems non-essential to the genera.
This study identifies potential routes for further experimentation including
screening for action of brevetoxin against marine cocci, chelation experiments, and routes
to search for brevetoxin precursors. While light microscopy was key in confirming the
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cell fractionation results, fluorescence detection by confocal microscope would be ideal
to visualize these results with greater resolution. Also, the antibody used both the
immunolabeling and centrifugation experiments has a much higher affinity to brevetoxins
having the B-type backbone (Figure 1.1). Though not probable, it is possible that the Abackbone brevetoxins are distributed independently. This should be further investigated.
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Chapter Three: Growth and Saxitoxin Production of Pyrodinium bahamense in
Varied Nitrogen Sources

Introduction
A global increase in HAB occurrence has been reported (Van Dolah, 2000), with
one possible cause being anthropogenic nutrient flux (Smayda, 1990; Hallegraeff, 1993;
Nixon, 1995). Population growth and development are contributing to widespread
eutrophication (Glibert and Burkholder, 2006). In fact, mobilization of fixed nitrogen
into the environment may be the most drastic effect of human population growth and
development to date (Vitousek et al., 1997).
The Indian River Lagoon (Florida) is an area of eutrophication concern due to its
high rate of human development and the restricted nature of the lagoon (Phlips et al.,
2004). The barrier island in Brevard and Indian River counties contains 19 wastewater
treatment plants, 3000 on-site sewage diposal systems and 300 septic tanks (Barile,
2004). Permitted total nitrogen from the wastewater facilities alone is 1.94 metric tonnes
per day (Barile, 2004), and this accounts for only 6% of the total nitrogen entering the
system (Sigua and Tweedale, 2003). Approximately 79% of total nitrogen is attributable
to agricultural and urban runoff (Sigua and Tweedale, 2003). While physical parameters
may determine distribution of HAB species, nutrient availability regulates growth rate,
biomass, and the duration of a bloom (Vargo et al., 2008).

Studies indicate that algal

blooms of saxitoxin-producing Alexandrium species may be bolstered by anthropogenic
nutrient sources (Hattenrath et al., 2010).
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Nitrogen is a crucial limiting nutrient for most marine primary producers
(Dugdale, 1967; Ryther and Dunstan, 1971; Eppley and Peterson, 1979; D'Elia et al.,
1986; Nixon et al., 1986; Paerl and Whitall, 1999). The prevalent form of nitrogen in
seawater is nitrate and often urea is the dominant form of dissolved organic nitrogen
(DON) (Jackson and Williams, 1985; Antia et al., 1991). Oceanic concentrations of urea
are nanomolar, but can increase up to 12 uM in coastal regions (Glibert et al., 2006).
Though urea is naturally excreted by organisms in the environment, it is now widely
synthesized and used as a fertilizer. Worldwide use of urea has been bolstered 100 fold in
the last four decades and by anthropogenic enrichment to coastal regions may be
associated with increased incidence of some HABs (Glibert et al., 2006). Blooms of
Aureococcus anophagefferens in Long Island coastal bays occur predominately during
low nitrate and ammonium conditions suggesting use of organic nitrogen sources (Keller
and Rice, 1989). Changes in DON may alter phytoplankton succession (Paerl, 1988;
Berg et al., 1997; Glibert and Terlizzi, 1999).
Urea is an important source of regenerated nitrogen that phytoplankton have been
shown to have the capability to utilize (Carpenter et al., 1972; Antia et al., 1991; Collier
et al., 1999; Palinska et al., 2000; Berg et al., 2002). The ability to employ diverse
nitrogen sources enhances the ability of cells to survive under nutrient deplete conditions.
Diatoms are fast-growing and associated with nitrate fluxes (Collos et al., 1992; Collos et
al., 1997; Landry et al., 1997); slower-growing dinoflagellates, therefore, may benefit
from utilization of organic nitrogen sources. Abundance of dinoflagellates, as well as
cyanobacteria and picoplankton have been associated with reduced forms of nitrogen
(Paerl, 1988; Berg et al., 1997; Carlsson et al., 1998). In fact, the chrysophyte,
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Aureococcus anophagefferens and the dinoflagellate, Lingulodinium polyedra, were
found to take up urea at a higher rate than nitrate (Berg et al., 1997; Kudela and Cochlan,
2000). Increased dinoflagellate counts in particular were associated with increased urea
concentrations in aquaculture facilities (Glibert and Terlizzi, 1999). Urea was also shown
to support a large amount of the nitrogen demand in A. catenella (Collos et al., 2004).
To form the vital precursor molecules glutamate and glutamine, nitrogencontaining molecules must be reduced to a bioavailable form. Ammonia and its
positively charged ion, ammonium, are characterized by the -3 oxidation state of the
nitrogen atom and are readily used to form these products, however enzymes are required
for other nitrogen forms. The highly conserved enzyme nitrate reductase must be
employed to transform nitrate. In marine phytoplankton two enzymes are known to break
down urea: ATP urea amidolase and a nickel-dependent urease. Chlorophytes are the
only marine phytoplankton that have been shown to use ATP urea amidolase (Bekheet
and Syrett, 1977). Some dinoflagellates including the saxitoxin-producers Alexandrium
fundyense and Alexandrium catenella require nickel when grown on urea; indicating their
use of urease (Antia et al., 1991; Dyhrman and Anderson, 2003). Because Pyrodinium is
closely related to Alexandrium species (Leaw et al., 2005), it too is likely to use urease.
Saxitoxin production has been exhaustively studied in Alexandrium species.
Toxin content varies with many variables including growth stage, salinity, temperature,
light, and nutrients (Ogata et al., 1987; Anderson et al., 1990; Flynn et al., 1994; John and
Flynn, 2000; Wang, 2002). Saxitoxins are nitrogen-rich and it has accordingly been
reported that high nitrogen availability increases toxin content and nitrogen deprived cells
contain lower toxin content (Anderson et al., 1990; Flynn et al., 1994). Toxin content has
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been shown to be greater in Alexandrium sp. supplied with ammonium rather than nitrate
(Levasseur et al., 1993; John and Flynn, 2000), although high levels of ammonium
inhibits growth in dinoflagellates (Hamasaki et al., 2001). Suboptimal conditions may
engender enhanced toxin content per cell due to the reduced growth rate (Anderson et al.,
1990). Therefore, growth rate and toxin content have generally been found to be
inversely related (Proctor et al., 1975). However, PSP toxin producers have been shown
to contain increased amounts of toxin in exponential phase and decreased amounts in
stationary phase (Anderson et al., 1990; Cembella, 1998; Murata et al., 2006; Gedaria et
al., 2007). The observed decrease in toxin content during stationary phase may reflect cell
lysis and leakage, waning production, increased turnover, or dilution of toxin though
partitioning into daughter cells (Cembella, 1998). The toxin content per cell in P.
bahamense var. compressum was reported to be highest in early exponential phase and
rapidly decrease at the onset of stationary phase (Usup et al., 1994). No work has been
carried out on P.bahamense var. bahamense to investigate these effects.
In other species, toxin composition has been reported to be invariant and may be a
conservative characteristic in each strain (Cembella and Taylor, 1985; Boyer et al., 1987;
Cembella et al., 1987; Ogata et al., 1987; Oshima et al., 1993; Anderson et al., 1994;
Flynn et al., 1994). For instance, the toxin profile of A. tamarense is conserved through
changes in light, salinity, and nitrate concentration (Parkhill and Cembella, 1999).
However, toxin profiles have been found to vary by others (Boczar et al., 1988; Anderson
et al., 1990).
The biosynthetic gene cluster (stx) for saxitoxins in cyanobacteria was recently
discovered, enhancing understanding of the biosynthetic route used by these organisms
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(Kellmann et al., 2008). The biosynthesis genes for dinoflagellates have yet to be found
(Wiese et al., 2010), and although there continues to be debate over the source of
saxitoxins in these organisms (Prol et al., 2009), it is probable that dinoflagellates and
cyanobacteria share the same biosynthetic route to produce saxitoxin (Shimizu, 1993).
However, dinoflagellate stx genes may differ from those in cyanobacteria more than
would be expected from a recent gene transfer (Yang et al., 2010).
Saxitoxin is primarily composed of composed of L-arginine, as is evidenced by its
guanidine character; its structure is additionally composed of acetate and a C1 unit from
methionine (Shimizu, 1990; Dewick, 2001). Arginine is biosynthesized from glutamate.
Arginine and toxin content were thus shown to be inversely related, though arginine
production continued when toxin production was inhibited (Anderson et al., 1990).
However, in A. minutum, toxin content has been associated with an increase in arginine
and other amino acids, making free arginine alone not the controlling factor in saxitoxin
synthesis (Flynn et al., 1994). Protein is a major pool of cellular nitrogen. Both saxitoxin
and protein utilize amino acids for their construction, and therefore a direct relationship
between the two has been identified (Murata et al., 2006). Nontoxic Alexandrium sp.
have lower protein content than highly toxic strains (Anderson et al. 1990).
Pyrodinium and Alexandrium species are capable of producing resting cysts when
experiencing non-optimal conditions. Cyst dynamics have been studied in Alexandrium
species (Watras et al., 1982; Anderson et al., 1983; Blanco, 1995; Jensen and Moestrup,
1997; Garces et al., 2002; Band Schmidt et al., 2003) because of their propensity to form
destructive blooms (Turner et al., 1998). Dinoflagellate cyst production in culture is
typically achieved by nutrient depletion in culture (Pfiester, 1975; Turpin et al., 1978;
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Anderson et al., 1984). Temperature increase may also lead to encystment due to higher
nutrient demand (Anderson et al., 1983).

Objectives
Nutrient studies of P.bahamense are essential, as saxitoxin and its derivatives are
alkaloids and a supply of nitrogen must be allocated for their production. Therefore
nitrogen bioavailability and anthropogenic nutrient influx may impact growth and
toxicity of blooms. Ability to utilize urea and the presence of reduced forms of nitrogen
in seawater may lead to changes in growth, toxin production, and protein content in
P.bahamense.
In order to evaluate the effects of nitrogen source on toxin production, cultures of
P. bahamense var. bahamense grown in nitrate, ammonium, and urea were monitored for
cell counts and toxin content. HPLC analysis was employed to separate and quantify the
saxitoxins. Proteins were analyzed using the Bradford (1976) method.

Materials and Methods

Culture Conditions
A non-axenic clonal culture of Pyrodinium bahamense var. bahamense
(CCFWC# 394) was isolated from the South Rockledge area of the Indian River Lagoon
(IRL), Florida on October 15th, 2002 and kept in culture at the FWC Fish and Wildlife
Research Institute (FWRI; St. Petersburg FL). It was grown under full spectrum lights on
a 12/12 light cycle at 25 °C in ESDK medium since its isolation. Deionized water and
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seawater from offshore Florida were filtered and autoclaved to yield media with a salinity
of 21±1.
For this experiment, cultures were grown with GP media modified to contain a
nutrient profile similar to that of the IRL; the mean nutrient values reported by Phlips et
al. (2006) for the Titusville portion of the IRL were used to make all media with a 60
nitrogen: 1 phosphorus ratio. Media containing either nitrate, ammonium, or urea as the
nitrogen source were prepared. Target nitrogen content of each media type was
approximately 67.5 umol/L and each was tested at FWRI by autoanalyzer (nitrate and
ammonium) and spectroscopically (urea) to ensure similar nitrogen concentrations; the
three media types were found to vary less than 2% from each other in nitrogen
equivalent.
Three weeks prior to the experiment, the culture was seeded into three carboys,
each containing a different nitrogen condition (nitrate, ammonium, or urea). These
cultures were allowed to acclimate to their respective nitrogen conditions for the
following month.
In a follow-up experiment, P. bahamense was not acclimated to the new nitrogen
conditions. Cells were transferred after being starved two months to either ammonium,
urea, or nitrate conditions. There were five replicate flasks of each nitrogen condition.

Sampling and Extraction
After this acclimation period each nitrogen media condition was seeded into 3L
flasks at 250,000 cells/L in duplicate. The nine flasks were sampled at seven time points
over two months, with more frequent sampling during exponential phase. A subsample
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was preserved in Lugol’s iodine for counting. Triplicate samples of 25 to 50 mL
depending on cell concentration were taken from each flask at each time point and
filtered onto a GFD filter (Appendix A).

Saxitoxin Extraction and Analysis
Duplicate GFD filters were ground in one milliliter of 1% acetic acid in a glass
Dounce grinder to break the rigid theca of the P.bahamense. This extract was poured
into a centrifuge tube. The grinder was rinsed with an additional milliliter of 1% acetic
acid and combined with the extract in the centrifuge tube. The extract was then
centrifuged to remove the filter residue and solids, and the supernatant was poured into a
plastic vial for storage at -20°C.
Saxitoxins are not UV active, and they must be oxidized for detection by High
Performance Liquid Chromatography (HPLC) as previously described (Lawrence et al.,
2005). A Shimadzu HPLC with a Phenomenex 150 x 4.6 mm, 5µm C-18 column was
utilized for the separation of saxitoxins. The solvent sytem used was ammonium formate
in water (A) and ammonium formate in 5% acetonitrile (B). At t=0 B=0%, t=1min.
B=5%, t=5 min. B=70%, and t=7.2 to 10min B=100% (Figure 3.1). Both the periodate
and peroxide oxidations were tested on initial samples of the P. bahamense clone,
however only un-hydroxylated saxitoxin forms were found in this clone and thus only the
peroxide oxidation was used for later samples. Decarbamoyl saxitoxin (dcSTX),
sulfocarbamoyl saxitoxin (B1), and Saxitoxin (STX) were the only saxitoxins detected in
this species eluting at approximately 6.0, 8.1, and 8.7 minutes respectively. DcSTX has a
characteristic second peak (Figure 3.1 at approximately 6.5 minutes) that was not utilized
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in the quantification of this toxin.

Each sample was also injected on the HPLC non-

oxidized to help ensure that the UV detection was saxitoxin, and not a UV active cell
product. Every ten samples were bracketed by standards of STX, dcSTX, and B1.
Standards were plotted using the EZstart chromatography software and used to transform
the sample peak areas to toxin quantities (Appendix B).

Protein Extraction and Analysis
A comparative study of the total proteins in each culture condition was carried out
for four timepoints as described previously (Dortch et al., 1984; Berges et al., 1993). One
GFD filter was ground with a glass Dounce grinder with 0.5 mL of cold 3%
trichloroacetic acid (TCA) and poured into a 1.5 mL centrifuge tube. The grinder was
rinsed with another aliquot of TCA and the washings were added to the centrifuge tube.
Ground samples were centrifuged at 14,500 x g for five minutes to collect the
precipitated proteins and the supernatant containing free amino acids was discarded. The
pellets were resuspended in 1 mL of 0.1 M sodium hydroxide and incubated at 80°C for
15 minutes. The incubated samples were again centrifuged at 14,500 x g for five
minutes, and the supernatant containing solubilized proteins was collected for analysis.
The (Bradford, 1976) method was used for the analysis of total protein. Stock
reagent was prepared by dissolving 100 mg Coomassie Brilliant Blue G-250 in 50 mL
methanol, adding 100 mL 85% H3PO4, and bringing this solution up to 200mL with
nanopure water. Stock reagent was stored in a dark bottle at 4°C. Working solution was
prepared immediately before analysis by diluting the stock solution 1:5 in nanopure
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Figure 3.1. Solvent gradient and saxitoxin elution times for HPLC experiments.

water. Bovine serum albumin (BSA) standards were prepared ranging from 80µg/mL to
1.25 µg/mL in 0.1 M sodium hydroxide. Standards, blanks, and samples (100 µL) were
pipetted in duplicate onto a 96 well plate. Working Coomassie Blue reagent (100 µL)
was pipetted quickly stepwise into these wells and allowed to incubate at room
temperature for five minutes. Wells were read by a µquant plate spectrophotometer at
595 and 450 nm. Wells must be read before one hour has elapsed, as proteins begin to
precipitate.
All duplicate readings at the 595 nm wavelength were averaged, blank subtracted
and divided by their respective 450 nm average measurement to linearize the data (Zor
and Selinger, 1996). Graphpad software was utilized to construct the linear regression
and transform the sample absorbances to protein values.
It is important to note that the results of this protein assay are meant to be
comparative within this study and are only comparable to other results obtained by
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similar methods. Algal proteins were found to react similarly to BSA in the Bradford
method (Berges et al., 1993), however, other protein analysis methods (Lowry and Smith
assays) function differently and therefore will not reproduce these results. The Bradford
method generally yields lower results (Berges et al., 1993).

Calculations
Results from duplicate filters were averaged. For STX equivalents, 51% dcSTX
and 6% B1 were added to the STX results to approximate toxicity according to the
Oshima Toxicity Equivalence Factors (Oshima, 1995). Statistical analyses were
calculated in Graphpad software. Because three replicates were analyzed in most cases,
normality could not be checked, and a non-parametric test was used. Toxin mole
percents and STX equivalent data were analyzed using the Friedman Test. Cyst count
data during the second experiment contained five replicates and were checked for
normality using the KS method, then analyzed by two-way ANOVA.

Results
All nitrogen conditions provided similar growth curves (Figure 3.2). Neither the
averaged cell counts nor cyst counts for the conditions within each time point were
significantly different. However, it was notable that nearly zero cysts were detected in
the culture containing ammonia until the onset of stationary phase, and this was further
explored in a follow-up experiment. Total toxin concentration, calculated by summing
the three forms of saxitoxin detected without consideration of relative toxicity, ranged
between approximately 50 fmol per cell and 350 fmol per cell (Figure 3.3).
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Figure 3.2. P.bahamense averaged cell and cyst counts. Lines indicate nitrate (navy),
ammonium (teal), and urea (green). Triangles indicate cyst counts, and
square markers indicate cell counts.

Toxin concentrations in each culture condition generally reached their minimum
at day seven or ten, and maximum on the last day of sampling (Figures 3.3 and 3.4).
Nitrate tended to stimulate the highest total toxin production, followed by ammonium,
and urea.
The toxin ratio of the culture grown on urea showed less than 20% STX while in
both other conditions STX remained higher than 20% (Figure 3.5); this toxin mole ratio
analyzed across all sampling days was found to be statistically significant (P=0.0003).
STX equivalent values normalized to per cell values showed significant
differences at four time points (day 10,13,17,and 28; P=0.028), and when the STX
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equivalent averages were analyzed for each nitrogen condition across all time points
(P=0.0003) (Figure 3.6). Cell counts varied between replicates in the early log and late
stationary points, leading to larger deviations of cellular toxin concentrations.
Protein concentrations were found to range between 0.5 and 1.5 ng per cell (Figure 3.7).
No difference in protein production was noted between culture conditions. A follow-up
experiment with five replicates was conducted to confirm the lower production of cysts in
cultures with ammonium as the nitrogen source (Figure 3.7); at the last two time points
significantly differing (P= 0.04 and P= 0.01 respectively) cyst concentrations were
counted. Growth rate was plotted to show onset of stationary phase (Figure 3.8).

Figure 3.3. Total toxin on each sampling day in each nitrogen condition. Bars indicate
standard error.
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Figure 3.4. Toxin levels in each culture condition on each sampling day. Bars display
standard error.
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Figure 3.5. Mole percent of the toxins in each nitrogen condition on each sampling day.
The dashed bar delineates 20% STX.
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Figure 3.6. Saxitoxin equivalent averages for nitrogen conditions. Lines indicate nitrate
(navy), ammonium (teal), and urea (green). Bars indicate standard error.
Asterisks denote statistical significance at that time point.
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Figure 3.7. Specific growth rate and protein content at four selected timepoints. Lines
indicate nitrate (navy), ammonium (teal), and urea (green). Bars indicate
standard error.
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Figure 3.8. Vegetative cell and cyst counts of the second trial with five replicates. Bars
indicate standard error. Lines indicate nitrate (navy), ammonium (teal), and
urea (green). Squares indicate vegetative cell counts and triangles indicate
cyst counts. Asterisks denote statistical significance.

Discussion
Nitrogen source was not found to significantly change growth of P.bahamense in
either the initial or the follow-up culture experiment, as found in many other
phytoplankton (Solomon et al., 2010); Figures 3.3 and 3.8). Additionally, protein
content remained similar across all conditions. The concentration of 0.5 ng per cell
appears to be a threshold concentration for cell survival because it was maintained
throughout stationary phase (Figure 3.7). In the var. compressum subspecies, protein
content was reduced under nitrogen limitation (Usup and Anderson, 1996). A protein
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concentration of nearly 1.5 ng per cell was found for day seven in culture during active
growth and division. This value is comparable to total toxin values ranging from 1.3 to
1.7 ng per cell found during exponential growth in Alexandrium tamarense using the
Bradford protein assay method in reference to BSA (Murata et al., 2006). A plot of
protein concentrations bears similarity to a plot of growth rates, but was not found to be
significant by Sperman correlation (Figure 3.7). Protein content was not found to be
related to saxitoxin content in this species.
Cyst counts only began to increase once the specific growth rate dropped
dramatically during the onset of stationary phase (Figures 3.8 and 3.9). This implicates
nutrient limitation is a causative factor of cyst formation in culture, as has been found in
other dinoflagellates. The bioavailability of ammonia may have delayed encystment
before the onset of stationary phase and kept the cyst concentration lower than in the
other conditions. In both experiments the cyst count in the ammonium condition
remained zero longer (Figures 3.3 and 3.8). The concentrations of cysts during the two
final time points in the ammonium culture were statistically significantly lower than in
the other culture conditions (Figure 3.8). The stimulation of cyst production by nutrient
limitation in culture studies cannot confirm this to be the causative environmental cue.
Field studies have been less successful in linking cyst production to nutrient limitation.
In A. minutum, nutrient stress may be an initial trigger for cyst production, but does not
determine subsequent production (Garces et al., 2004).
Cultures growing on nitrate and ammonia proved similar in saxitoxin ratio and
content. However, the urea condition generally contained the least total toxin and a
smaller proportion of the most potent toxin, STX (Figure 3.5). Hence, the urea cultures
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contained approximately half the STX equivalent toxin content per cell than did cells
growing on nitrate or ammonia (Figure 3.6).

Figure 3.9. Average specific growth rate of each nitrogen condition in second growth
experiment with five replicates. Lines indicate nitrate (navy), ammonium
(teal), and urea (green).

Closely related dinoflagellates of the Alexandrium genus are known to utilize a
nickel-dependent urease, but this P. bahamense’s urease enzyme has not been studied
specifically. Nickel was not supplemented to the media (outside the nanomolar quantities
present in the seawater base). Therefore, the toxin decrease in urea-containing media may
have been associated with insufficient nickel. However, difficulty assimilating nitrogen
would likely be manifested by decreased cell concentrations, in addition to decreased
toxin content as was shown in Alexandrium (Dyhrman and Anderson, 2003). Cell
concentrations were not found to be inhibited by nitrogen source in either the first or
follow-up experiments (Figures 3.3 and 3.8), and protein concentration remained similar
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for all nitrogen conditions (3.7). Though nitrogen may have been allocated preferentially
to growth rather than toxin production in conditions of nitrogen stress, the impact of urea
on toxin production but not on growth may indicate that a negative feedback process is at
work.
Urea is broken down to two ammonia molecules, thus the difference between the
urea and ammonium culture conditions can be directly attributable to the activity of
urease enzymes and transporters. The biosynthesis of the essential saxitoxin precursor,
arginine, in microorganisms and plants involves the enzymes of the urea cycle. This
process consists of eight catalyzed steps beginning with glutamate and ending with the
enzyme argininosuccinate lyase. Most enzymes of the urea cycle are highly conserved
across phyla (Ouzounis and Kyrpides, 1994; Lawson et al., 1996; Qu et al., 2007), and
when at very high concentrations in ill animals, urea inhibits the enzyme
argininosuccinate lyase (Santhi Silambanan, 2009). A dearth of arginine would therefore
impact toxin production but not as noticeably lower the growth rate. This explanation is
further supported by the similarity of the toxin profiles of all three nitrogen conditions on
the last day of sampling (Figure 3.5); when the excess of urea is depleted, the feedback
inhibition on arginine would be lifted, making all have similar profiles.
This P. bahamense culture was non-axenic, but this is not thought to have
appreciably affected the results, and may have led to a more accurate simulation of the
natural environment.

The effect of temperature and nickel on urease activity may

significantly change the outcome of this experiment. Useful follow up experiments
would be to replicate this experiment at a common bloom temperature of 30°C rather
than the 25°C cultures were kept at here, and in the presence of nickel. Measurements of
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enzymatic activity and individual amino acids, especially arginine, would also be
practical in a duplication of this experiment.
Growth in P.bahamense with urea as a nitrogen source reduces toxicity in
comparison with nitrate and ammonium: The total toxin content is reduced by reduction
of the highly toxic STX form (Figures 3.4 and 3.5). In addition to normal biological
inputs, urea is also a common constituent in fertilizers due to its high nitrogen content per
molecule and rapid conversion to two ammonia molecules by soil bacteria. Recently,
there has been increased concern that anthropogenic nutrients may expand and increase
toxicity of HABs. This study indicates that urea depresses toxin production when
compared to inorganic nutrients. Runoff of urea fertilizers therefore may encourage P.
bahamense blooms, but is not enhancing toxicity of these blooms. It must be
emphasized that this was found in culture experiments, and that further investigation is
needed to understand the impact of nitrogen sources and anthropogenic runoff on growth
and toxicity of P. bahamense in the field.
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Chapter Four: Toxin Production and Mole Composition of Pyrodinium bahamense
var. bahamense under varied Environmental Conditions

Introduction
The various forms of saxitoxins have distinct levels of toxicity. Environmental
factors may lead not only to changes in production of saxitoxins, but also to changes in
the forms of saxitoxins. Pyrodinium bahamense var. bahamense blooms in Florida
under a variety of conditions. Knowledge of environmental effects on toxin production
would be useful in predicting toxicity and potential impacts of these blooms.
P. bahamense is found in significant numbers in the Indian River Lagoon (IRL),
exclusively when the water temperture approaches 25° to 30°C, and is not typically found
when water temperature in the IRL is below 20° (Phlips et al., 2006). Temperature,
therefore, is likely a limiting factor in its distribution, and future increases in temperature
associated with climate change may lead to expansion of P. bahamense blooms (Phlips
2009). It is, however, not likely that higher temperatures would make P. bahamense
more toxic; Alexandrium sp. are more toxic at higher latitudes (White, 1986; Cembella,
1988; Anderson et al., 1994), and the toxin content of A. catenella has been shown to be
inversely related to temperature (Ogata et al., 1982; Cembella, 1998; Navarro et al.,
2006). Low temperatures may reduce protein synthesis, resulting in a surplus of arginine
that could be used for toxin synthesis (Shimizu et al., 1984; Anderson et al., 1990). In the
Malaysian isolate, toxin content (toxin cell-1) increased three-fold as the temperature
decreased from the optimum growth (div d-1) temperature at approximately 30oC to 23oC
(Usup et al., 1994). Toxin depletion was suggested to be a product of dilution associated
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with increased growth rate at higher temperatures. (Navarro et al., 2006) did not
demonstrate a relationship of toxin to growth rate, implying the toxin disparity was due to
metabolic processes. Toxin mole percents were found to be highly conserved through
various temperature and salinity conditions in the Philippine isolate of P. bahamense var
compressum, however, at high and low temperatures an increase in dcSTX and B1 and
corresponding decrease in STX is observed (Gedaria et al., 2007). In the Malaysian var.
compressum isolate, an increase in temperature from 22 oC to 34 oC was accompanied by
a proportional increase in B1 and decrease of NEO (Usup et al., 1994).
P. bahamense var. bahamense is a euryhaline species, with tolerance to salinity
from 14 to 46 and blooms reported over most of that range (Phlips et al., 2006). In the
Indo-Pacific, a linkage has been suggested between increased rainfall and blooms
(Azanza et al., 2001). The Philippine isolate of P. bahamense var. compressum survived
in salinity 26 to 36 with optimum growth at 30 or greater (Gedaria et al., 2007) while the
Malaysian isolate tolerated salinity 20-35 (Usup et al., 1994). In P. bahamense var.
compressum and A. tamarense, toxicity tends to decrease with increasing salinity and the
accompanied increase in growth rate (Cembella, 1998; Hamasaki et al., 2001; Gedaria et
al., 2007). A trend of increasing dcSTX and equally decreasing STX occurred starting at
salinities higher than 30 in the Philippine isolate (Gedaria et al., 2007). Usup et al. (1994)
found that at salinities of 24 and higher in var. compressum, toxin content was maintained
(Usup et al., 1994); however, at a salinity of 20 the toxin content was three-fold higher.
Parkhill and Cembella (1999) found that the toxin variation in different of salinities of A.
tamarense was due to salinity–dependent division, and not due to salinity directly
(Parkhill and Cembella, 1999).
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Cellular processes are strongly affected by fluctuations in pH. Euryhaline species
like P. bahamense are exposed to a wider range of pHs than oceanic species. Saxitoxins
have strongly alkaline guanidine groups, but the effect of pH on toxin production has not
been investigated for saxitoxin-producing species. In A. catenella, however, pH was
determined to play a role in population dynamics, with 8.5 being the optimal pH for
growth at 25°C (Siu et al., 1997).

Objectives
All organisms respond to environmental change. Environmental effects on toxic
species, such as P. bahamense, may have consequences to public health. If the saxitoxins
are inflated in response to an environmental cue, the toxins absorbed by pufferfish caught
in the IRL may lead to increased incidence of SPFP in humans who consume these fish.
The effects of varying temperature, salinity, and pH on the growth and toxin
production in nutrient deplete and replete cultures of P. bahamense var. bahamense were
investigated. All cultures were kept within varying conditions that are environmentally
possible in the IRL.

Materials and Methods
A non-axenic clonal culture of Pyrodinium bahamense var. bahamense
(CCFWC# 394) was isolated from the South Rockledge area of the Indian River Lagoon
(IRL), Florida on October 15th, 2002 and kept in culture at the FWC Fish and Wildlife
Research Institute (FWRI; St. Petersburg FL). It was grown under full spectrum lights on
a 12/12 light cycle at 25 °C in ESDK medium since its isolation. Deionized water and
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seawater from offshore Florida were filtered and autoclaved to yield media with a salinity
of 21±1
Nutrients were added to the starting culture one week prior to the onset of this
experiment. Experimental conditions included temperatures of 20°C and 30°C, salinities
of 17 and 27, pHs of 7.5 and 9. Measurements of pH were taken at 23°C using the total
pH scale at the onset of the experiment. There were four replicates of each experimental
condition. Control flasks were kept at a salinity of 22 at 25°C, and at a pH of 8.25.
Cultures were kept on a 12/12 light cycle under full spectrum lights. In each
experimental condition all other environmental conditions were kept identical to the
control. At the onset of the experiment, sufficient seawater was added to 120 mL of
culture so that the end result was 400 mL at the listed culture condition. The initial
nutrient-deplete samples were taken at day six (Appendix C). Nutrient depletion was
inferred from the absence of ample cell growth at day six. Concentrated media was then
added to each experimental flask and the nutrient replete-samples were taken on day
twelve. Again, nutrient enrichment was inferred through cell growth. At each sampling
time, a Lugols sample for cell counts and 10mL culture was taken in duplicate and
filtered onto 25mm glass fiber filters (GFFs). GFFs were ground in a Dounce
homogenizer in one mL of 1% acetic acid and an additional one mL was used to rinse the
homogenizer. The homogenate was then centrifuged at 4,500 x g for 10 minutes to
obtain the supernatant. Extracts were analyzed by HPLC after peroxide oxidation as has
been described (Lawrence et al., 2005).
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Results
Only STX, dcSTX, and B1 were found in this P. bahamense var. bahamense
culture, as was noted in the previous chapter and documented by Landsberg (2006);
however, only the peroxide oxidation was performed so production of any hydroxylated
saxitoxins would not have been detected. Nutrient deplete cultures generally contained
more toxin than nutrient replete cultures (Figure 4.1). In deplete media, STX equivalent
ranged between 26 and 46 fmol per cell, while in replete it ranged from 16 to 29 fmol per
cell, with an outlier at 50 fmol per cell being associated with the T=20°C culture; this
culture did not appreciably grow in replete media (Figure 4.2). The toxin profiles of all
cultures remained largely unchanged: approximately 25% STX and the majority of the
remainder being 72% B1, a very small 3% being dcSTX (Figure 4.3).

Figure 4.1. Toxin content for all experimental conditions. Bars indicate standard error.
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Figure 4.2. Relationship of specific growth rate to toxin content.

Figure 4.3. Average toxin mole percent of each environmental condition.
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There was generally an equal or lesser percentage of STX in replete conditions when
compared to the corresponding nutrient deplete condition. Toxin content was highest and
cell counts were lowest for the 20°C culture followed by the S=17 culture (Figure 4.4).
Toxin content was significantly lower and growth was higher in the 30°C culture when
compared to these two culture conditions.

Figure 4.4. STX equivalent for all experimental conditions. Bar graph indicates STX
equivalent, and diamonds indicate the cell count at that condition. Bars
indicate standard error.

Discussion
The toxin profile of this clone closely matches those reported for field P.
bahamense samples (Landsberg et al., 2006), and appears to be well conserved. Across
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all experimental conditions approximately 25% of the toxin is the STX congener, the
majority of the remainder being 72% B1, a very small 3% being dcSTX (Figure 4.2).
The toxin profile most closely mirrors the Philippine isolate of P. bahamense var.
compressum, which suggests its closer relation to this isolate than the Malaysian isolate
which produces the GTX5 and NEO toxins additionally. However, the Philippine isolate
contains a much greater proportion of the highly toxic STX at approximately 90%
(Gedaria et al., 2007). These toxin signatures have been suggested to be a signature of
each genetically different regional isolate (Cembella and Taylor, 1985; Boyer et al.,
1987; Cembella et al., 1987; Ogata et al., 1987; Oshima et al., 1993; Anderson et al.,
1994; Flynn et al., 1994). The toxin profile of A. tamarense is also conserved through
changes in light, salinity, and nutrient changes (Parkhill and Cembella, 1999). In
addition to toxin profiles, morphological studies between the two varieties have indicated
that the distinction between the Atlantic and Pacific varieties of P. bahamense is
warranted (Steidinger 1980, Badylak 2004).
Toxin content per cell was generally lower in replete media (Figure 4.1). The
inverse relationship of growth and toxin content has been widely reported and is the main
theme that emerges in this study. In nutrient deplete media, saxitoxins remained high, and
seemed not to be appreciably catabolized to form other biomolecules when compared to
the replete culture that shared their specific growth rate (Figure 4.2). This corroborates
the finding that toxins remained constant in N-limited var. compressum, however in this
isolate GTX5 increased while the other toxins remained constant (Usup and Anderson,
1996).
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P. bahamense var. bahamense did not grow at 20°C (Figure 4.3). This
corresponds to the observed temperature tolerance for other var. compressum isolates.
The Philippine isolate was observed to grow from 23° C to 36°C with optimum growth at
25°C (Gedaria et al., 2007), while the Malaysian isolate grew from 22° C to 34°C with
optimum growth at 28°C (Usup et al., 1994). This culture kept at 20°C, when nutrient
replete, became the most toxic on a per cell basis due to continued saxitoxin production
and halted cell division. Alexandrium sp. display an analogous latitudinal effect, in
which northern species exhibit higher toxin content. This has been proposed to be due to
slowed growth rate, or slowed protein synthesis, leaving arginine in excess to be
assimilated into the saxitoxins. In nutrient deplete conditions, the culture at 20°C had a
lower cellular toxin concentration compared to its replete counterpart presumably due to
slowing of cellular processes with nutrient limitation.
The culture at 30°C grew at a greater rate than the control at 25°C, reflecting this
isolate’s propensity to bloom in hot summer temperatures (Figure 4.3). The optimal
growth temperature for this var. bahamense isolate therefore is greater than the optima
listed for both the Phillipine and Malaysian var. compressum isolates. This disparity in
growth rate between experimental temperature conditions imparted a subsequent
disparity in cell toxin content. Toxin content was lower in the culture kept at 30°C likely
due to dilution into a greater number of daughter cells.
Growth of P. bahamense was slowed, and toxin per cell enhanced, when
subjected to a salinity of 17 in comparison with salinities of 27 and the salinity of the
control at 22. This outcome is not surprising, as this salinity is at the low range of
reported occurrence of P. bahamense in the IRL.
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Growth rate is the most important factor in predicting toxicity of P. bahamense on
a per cell basis, although the conditions for optimum growth are the most important to
bloom dynamics and potential impacts to the environment. The environmental factors
tested had no quantifiable effect on toxin production alone; however, they did change
growth rate and subsequently toxin per cell. Saxitoxin appears to be constitutively
produced in this species through non-optimal conditions. Conditions for enhanced
growth in P. bahamense var. bahamense were found to be 30°C, salinity = 22 to 27, and
pH 9.
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Chapter Five: Biological activity of
Pyrodium bahamense and Karenia brevis extracts

Introduction
Marine algae have been used in Chinese, Egyptian, and Ayurvedic medicines
since early history (Fujihara et al., 1984). They were some of the first organisms
investigated by marine natural products chemists (Fujihara et al., 1984; Paul and Fenical,
1984; Folmer et al., 2010), and continue to be studied for their activities against common
pathogens (Yi et al., 2001; Rios et al., 2009). The euphotic zone is characterized by
fluctuations in oxygen concentrations, UV radiation, and temperature, making the
bioactive compounds isolated from algae predominately anti-oxidants such as
phlorotannins, ascorbic acid, carotenoids, and tocopherols (Heo et al., 2009; Zubia et al.,
2009; Folmer et al., 2010). More than half of secondary metabolites reported from
macroalgae are isoprenoids (Maschek and Baker, 2008).
Phytoplankton bridge algae and microorganisms, and bioactivity is found broadly
throughout the group. Phytoplankton extracts have been shown to inhibit growth of some
species of bacteria (del Pilar Sanchez-Saavedra et al., 2010), and emulsified
microparticles of cyanobacteria in the order Nostocales may have potential for
prophylaxis against methicillin-resistant S. aureus (MRSA) infections during surgery
(Lukowski et al., 2008). Dinoflagellates specifically, have yielded valuable health food
additives, laboratory tools, and show promise in drug discovery (Pietra, 1997); however,
research on dinoflagellates has been predominantly related to their production of toxins.
The capability of these species to produce bioactive toxins may make them superior
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candidates to produce other bioactive and potentially useful compounds. The
dinoflagellates Gambierdiscus toxicus and Alexandrium tamarense were found to possess
anti-fungal properties (Accorinti, 1984; Nagai, 1992). Polysaccharide GA3P is an
anticancer compound isolated from Gymnodinium species (Sogawa et al., 1998;
Umemura et al., 2003). Amphidium species have been particularly prolific; karatungiol
A was found to possess antifungal and antiprotozoan properties. Several types of
macrolides, the amphidinolides (Kobayashi and Tsuda, 2004; Washida, 2006), the
amphidinolactones (Takahashi et al., 2007), the caribenolides (Bauer et al., 1995), the
iriomoteolides (Tsuda et al., 2007), have also been isolated. In K. brevis, one of the
dinoflagellates explored in this study, the polyether compound brevenal has been found
to oppose the action of brevetoxin on sodium channels (Bourdelais et al., 2004) and
shows potential as a cystic fibrosis drug (Abraham et al., 2005).

Objectives
Bioactive substances have not been investigated in Pyrodinium bahamense, and
have not been thoroughly explored in K. brevis. The primary objective of this study was
to examine extracts of the dinoflagellates K. brevis and P. bahamense for in vitro activity
against common infectious agents and to determine the potential of HAB dinoflagellate
species as sources of natural products in comparison to nontoxic dinoflagellates.

Materials and Methods

Cultured K. brevis (see chapter 2) and P. bahamense (see chapter 3) were
concentrated by a continuous flow-thru centrifuge system (Sorvall SS3 KSB). The
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Figure 5.1. Structure of brevenal.

supernatant was set aside for further processing. The pellets were lyophilized and
subsequently broken with methanol and sonication. The cell debris was removed by
another centrifugation, and the solvent was dried by rotary evaporator. The residue was
partitioned between water and hexane five times. These solvents were chosen to ensure
the location of the toxins produced by K. brevis and P. bahamense. The saxitoxins
produced by P. bahamense are hydrophilic and partition into water. The brevetoxins
produced by K. brevis, though lipophilic, were found to partition preferentially into water
as well.
A column was packed with Amberlite XAD18 polymeric resin (Rohm and Haas)
and conditioned with methanol according to the sorbent recommended use. The
supernatant from the flow-thru system (approximately 10 L) was allowed to pass through
the column at two bed volumes per hour. The column was eluted with four bed volumes
of methanol.
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Extracts were assayed against bacteria Escherichia coli, Salmonella typhimurium,
Pseudomonas aeruginosa, Klebsiella pneumoniae, Bacillus subtillus, Enterococcus
faecalis,Staphylococcus aureus,and MRSA, the fungi Aspergillus niger and Candida
albicans, and the protozoan responsible for malaria, Plasmodium falciparum. For each
crude extract, 2 mg in dimethyl sulfoxide (DMSO) was applied to a 6mm paper disk.
Disk diffusion assays were completed for ten bacterial and fungal strains (Bauer et al.,
1966). A disk loaded with DMSO was used as a negative control. Bacterial zones of
inhibition were measured at 24 hours of incubation at 37°C and checked again at 48
hours. Fungal zones of inhibition were assessed after incubation at 42°C for 48 hours.
Extracts for anti-plasmodial activity were sent to the Global Health Infectious Disease
Research Department in the College of Public Health at University of South Florida in
Tampa for analysis by the SYBR Green method (Johnson et al., 2007).
The P. bahamense pellet hexane extract (120 mg) hexane extract was injected
onto a Shimadzu HPLC with a YMC ODS C-18 column and PDA detector. Ultraviolet
detection was at 254 nm, a typical wavelength for detection of unsaturated molecules.
From 0 to 25 minutes, a 50% to 100% methanol gradient was used, and 100% methanol
was held for an additional 30 minutes.
To scale up and maximize biomass, 400 L of seawater was collected from Tampa
Bay, Florida, during the 2011 monospecific bloom of P. bahamense. The cells were
concentrated by a continuous flow-thru centrifuge system (Sorvall SS3 KSB). Pellets
were prepared as they were with culture extract. The crude extract was first fractionated
by normal phase medium pressure liquid chromatography (MPLC) on a combi-flash RF
using a 12g Redisep silica column (Figure 5.3). A solvent system of hexane and ethyl
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acetate were from 0 to 19 minutes, 100% ethyl acetate was held for 4 minutes, and was
followed by a methanol wash.

Results
Biological activity was first determined through a small scale extraction of
cultured K. brevis and P. bahamense. In the extracts tested, inhibition was observed in
Klebsiella pneumoniae, Staphylococcus aureus, MRSA, and Plasmodium falsiparum
(Table 5.1). Growth of K. pneumoniae was inhibited by the hexane extract of both K.
brevis and P. bahamense after incubation for one day. At two days, however, there was
no longer any zone of inhibition. The hexane extract of K. brevis additionally inhibited
MRSA, while the P. bahamense hexane extract additionally inhibited both S. aureus and
MRSA as well as P. falciparum. The supernatants of both species were time intensive to
extract and minimally active, and thus not further explored.

No extracts in this study

demonstrated activity against bacteria E. coli, S. typhimurium, P. aeruginosa, and E.
faecalis or fungi A. niger and C. albicans. Additionally no activity was found against the
bacterium B. subtillus, though this activity is common in phytoplankton (del PilarSanchez-Saavedra et al., 2010).
Further separation of the P. bahamense hexane extract by reverse phase HPLC
and subsequent assay showed that the compounds inhibiting S. aureus and that inhibiting
P. falciparum eluted at approximately 27 and 29 minutes respectively in 100% methanol
(Figure 5.2). Greater than 67% inhibition of P. falciparum was observed in 5 ug/mL
fraction B.
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To procure a large biomass of P. bahamense, a 2011 bloom of P. bahamense var.
bahamense in Tampa Bay was sampled. The monospecificity of the bloom water sample
and the exclusionary nature of slow centrifugation yielded a relatively clean
environmental sample. Fractions obtained from the 2011 Tampa Bay P. bahamense
bloom retained the antibacterial capacity and eluted at 4 minutes, immediately before
chlorophyll by normal phase MPLC (Figure 5.3) The potent antiplasmodial activity
foundin the IRL clonal culture was however not found in the bloom sample.
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Table 5.1. Infectious agents, agar they were grown on, and zones of inhibition when
exposed to K. brevis and P. bahamense extracts.
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A

B

Figure 5.2. Reverse phase HPLC of cultured P. bahamense pellet hexane extract. The red
box entitle fraction A denotes the fraction active against S. aureus, and the
green box entitled fraction B denotes the fraction active against P.
falciparum.

Figure 5.3. Normal phase MPLC of the pellet hexane extract of the 2011 bloom sample
of P. bahamense. Solvent gradient is shown in blue. Red and orange
chromatograms denote 254 nm and 200-360 nm scan respectively. The red
box denotes the fraction active against S. aureus
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Discussion
Activity against S. aureus, MRSA, K. pneumoniae, and P. falciparum were
detected in extracts from cultures of K. brevis and P. bahamense. Growth of K.
pneumoniae was inhibited by the hexane extract of both K. brevis and P. bahamense and
perhaps is from a common compound more broadly produced than the phylum
Dinoflagellata. The cyanobacteria Synechococcus elongatus and Synechocystis sp., the
rhodophyte, Porphyridium cruentum, and some marine macroalgae also display activity
against K. pneumoniae (Solomon and Santhi, 2008; Rios et al., 2009; del Pilar SanchezSaavedra et al., 2010); as do some terrestrial plants (Santhi and Annapoorani, 2010).
Activity against S. Aureus also appears to be common in plants, having been
identified in the dinoflagellate Alexandrium tamarense (Accorinti, 1984), cyanobacteria
Synechococcus elongatus and Synechocystis sp., diatoms Amphiprora paludosa and
Chaetoceros muelleri, the chlorophyte Dunaliella tertiolecta (del Pilar Sanchez-Saavedra
et al., 2010), some marine macroalgae (Yi et al., 2001; Rios et al., 2009), the water
hyacinth, Eichhornia crassipes (Shanab et al., 2010), and some terrestrial plants (Zuridah
et al., 2008). The extracts in the studies cited previously were not assayed against
MRSA, however, it is likely that anti-MRSA properties are widespread as well. AntiMRSA properties have been found in some macroalgae (Kim et al., 2007; Solomon and
Santhi, 2008), in the diatom Phaeodactylum tricornutum (Desbois et al., 2009), and in the
chlorophyte genera-mate of D. tertiolecta, Duniella primolecta (Ohta et al., 1994).
Likewise, in this study P. bahamense displayed activity against both S. aureus and
MRSA. Karenia brevis also showed activity against MRSA, however activity against S.
aureus was not observed. The increased activity against MRSA may suggest that the
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causative compound targets the genetic alteration making MRSA resistant to other
antibiotics. The disparity in activities of K. brevis and P. bahamense against S. aureus
suggests the production of differing antibacterial agents. The activity of the K. brevis
supernatant against MRSA is most likely due to breakage of these fragile non-thecate
dinoflagellates and subsequent leaking of intracellular compounds.
The hexane extract of P. bahamense was found to inhibit P. falciparum. Extracts
of marine macroalgae have previously been found to inhibit P. falciparum in vitro (Chen
et al., 2009; Ravikumar et al., 2011), and many anti-Plasmodial halogenated compounds
have been isolated from marine macroalgae (Lane et al., 2009; Cabrita et al., 2010).
Anti-Plasmodial calothrixins have also previously been characterized in cyanobacteria of
the Calothrix genus (Rickards et al., 1999). The activity of a dinoflagellate against an
Apicomplexan (P. falciparum) found in this study is especially interesting as the phyla
are closely phylogenetically related (Grauvogel et al., 2007). Malaria continues to be the
most important parasitic disease affecting humans. In developing countries it is a major
cause of morbidity and mortality. According to the World Malaria Report 2011, there
were 216 million cases of malaria and an estimated 655,000 deaths in 2010, most of these
being African children (World Health Organization, 2011); these statistics are likely
underestimates, as the Institute for Health Metrics and Evaluation indicated that far more
adults were affected than the WHO reported (Murray et al., 2012). Activity against P.
falciparum was not found in the 2011 bloom sample of P. bahamense var. bahamense.
Many factors may have affected this outcome including genetic drift while in culture and
variant production depending on growth stage or environmental condition. It is also
likely that the clonal isolate in culture from the IRL produces different compounds or
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quantities of compounds than the population that blooms in Tampa Bay. This may
indicate that there is a considerable genetic difference between the two populations.
Activity in P. bahamense and K.brevis partitioned into the hexane fraction, and
was therefore not related to the saxitoxins or brevetoxins respectively, which partitioned
into the water fraction. In addition, other polyether dinoflagellate toxins have been
found to not possess antibacterial properties when screened against common human
infectious agents including S. aureus (Nagai et al., 1990).
Many drugs are losing effectiveness as infectious agents evolve. It is important to
continue pursuing nature for new and potent drug sources. No published works were
found previous to this study that assayed dinoflagellate extracts against K. pneumoniae,
MRSA, P. falciparum, and many of the other infectious agents assayed that there was no
activity against. While dinoflagellates do seem to be a promising source of diverse
molecules, the HAB species do not seem to offer an uncharacteristic abundance of
bioactivity in comparison to other phytoplankton. Phytoplankton in general may hold
promise in drug discovery as algae are generally a sustainable source of secondary
metabolites, able to be grown in the laboratory or outdoor culture fields (Folmer et al.,
2010); and as knowledge of biosynthetic gene clusters continue to be elucidated, the
potential for combinatorial biosynthesis grows (Zhang and Tang, 2008).
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Chapter Six: Summary and Conclusions

Mitigation of Harmful Algal Blooms (HABs) without knowledge of the
ecological purpose and biochemical regulation of these toxins is highly unlikely. The
research completed in these chapters dealt with production, function and potential of
secondary metabolites from HAB species. Differential centrifugation and
immunostaining demonstrated that brevetoxins locate within the cytosol of K. brevis.
This location implicates the brevetoxins in cellular functions such as chelation and
signaling. The lack of brevetoxins in the location of polyketide synthesis, the chloroplast,
indicates that they are most likely cyclized in the cytosol.
Multiple culture experiments of P. bahamense var. bahamense were undertaken to
establish environmental and nutrient parameters that may alter growth and toxin
production in this species. Possible reasons for the reported increase in HABs worldwide
include global warming, dumping of ballast water, and nutrient influx (Glibert et al.,
2005). These and other studies that outline controls on toxin synthesis and production
will aid in predicting environmental and human health effects in the face of these global
changes. Saxitoxins in P. bahamense were found to be produced constitutively and kept
in reserve during nutrient depletion. Saxitoxin content was found to vary most
dramatically with growth rate. Toxin mole percent was largely unchanged over a suite of
environmental parameters including typical temperature, salinity, and pH levels found in
the IRL. However, growth of P. bahamense on a common nitrogen source in fertilizers,
urea, was found to decrease the amount of the potent STX congener. This finding is
important because anthropogenic nutrient loading has been implicated in increased
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incidence and toxicity of algal blooms. Cyst production in P. bahamense was found to
depend on nutrient limitation.
Many drugs are losing effectiveness as infectious agents evolve. It is important to
continue pursuing nature for new and potent drug sources. Extracts from K. brevis and P.
bahamense were shown to have action against the bacteria, S. aureus, MRSA, and K.
pneumoniae, and the most common protozoan vector for malaria, P. falciparum. These
results suggest that HAB dinoflagellates hold promise in drug discovery similar to other
phytoplankton.
Many organisms produce bioactive chemical compounds, and the line between
“toxin” and “drug” is often obscure and dose dependent. The saxitoxins, for instance,
have potential as local anesthetics (Adams et al., 1976) and brevenal is a potential cystic
fibrosis drug (Abraham et al., 2005). Examining the production of this unique metabolic
artwork has applications to fields including chemistry, biochemistry, chemical ecology,
epidemiology, and drug discovery.

65

References
Abbott, J.P., Flewelling, L.J. and Landsberg, J.H., 2009. Saxitoxin monitoring in three
species of Florida puffer fish. Harmful algae, 8(2): 343-348.
Abraham, A. et al., 2006. Characterization of polar brevetoxin derivatives isolated from
Karenia brevis cultures and natural blooms. Toxicon, 48(1): 104-115.
Abraham, W. et al., 2005. Airway responses to aerosolized brevetoxins in an animal
model of asthma. American Journal of Respiratory Critical Care Medicine,
171(1): 26-34.
Accorinti, J., 1984. Antimicrobial Substances from Marine Dinoflagellates. Physis
Seccion A los Oceanos y sus Organismos, 42(102): 49-54.
Adams, H., Blair, M.J. and Takman, B., 1976. The local anesthetic activity of saxitoxin
alone and with vasoconstrictor and local anesthetic agents. Archives
Internationales de Pharmacodynamie et deTherapie, 224(2): 275-282.
Adolf, J., Place, A., Stoecker, D. and Harding, L., 2007. Modulation of polyunsaturated
fatty acids in mixotrophic Karlodinium Veneficum (Dinophyceae) and its prey,
Storeatula major (Cryptophyceae). Journal of phycology, 43(6): 1259-1270.
Adorno, R. and Pautz, P., 1999. Alvar Nunez Cabeza deVaca: His Account, His Life, and
the Expedition Panfilo de Narvaez. University of Nebraska Press.
Ahmed, F., 1991. Seafood Safety. The National Academies Press.
Anderson, D.M., Chisholm, S.W. and Watras, C.J., 1983. Importance of life cycle events
in the population dynamics of Gonyaulax tamarensis. Marine Biology, 76(2):
179-189.
Anderson, D.M., Hoagland, P., Kaoru, Y. and White, A.W., 2000. Estimated annual
economic impacts resulting from harmful algae blooms (HABs) in the United
States. Woods Hole Oceanographic Institute Technical Report, WHOI-200-11,
Woods Hole, MA.
Anderson, D.M., Kulis, D.M. and Binder, B.J., 1984. Sexuality and Cyst Formation in the
Dinoflagellate Gonyaulax tamarensis - Cyst Yield in Batch Cultures. Journal of
phycology, 20(3): 418-425.
Anderson, D.M., Kulis, D.M., Doucette, G.J., Gallagher, J.C. and Balech, E., 1994.
Biogeography of toxic dinoflagellates in the genus Alexandrium from the
northeastern United States and Canada. Marine Biology, 120(3): 467-478.
Anderson, D.M., Kulis, D.M. and Sullivan, J.J., 1990. Toxin Composition Variations in
one Isolate of the Dinoflagellate Alexandrium fundyense. Toxicon, 28(8): 885894.
Antia, N.J., Harrison, P.J. and Oliveira, L., 1991. The role of dissolved organic nitrogen
in phytoplankton nutrition, cell biology and ecology. Phycologia, 30(1): 1-89.
Azanza, R.V., Taylor, F.J.R. and Taylor, F.J., 2001. Are Pyrodinium blooms in the
Southeast Asian region recurring and spreading? A view at the end of the
millennium. Ambio, 30(6): 356-364.
66

Baden, D.G., Bikhazi, G., Decker, S.J., Foldes, F.F. and Leung, I., 1984. Neuromuscular
blocking action of two brevetoxins from the Florida red tide organism
Ptychodiscus brevis. Toxicon, 22(1): 75-84.
Baden, D.G., Bourdelais, A.J., Jacocks, H., Michelliza, S. and Naar, J., 2005. Natural and
derivative brevetoxins: Historical background, multiplicity, and effects.
Environmental Health Perspectives, 113(5): 621-625.
Band Schmidt, C.J., Lechuga Deveze, C.H., Kulis, D.M. and Anderson, D.M., 2003.
Culture studies of Alexandrium affine (Dinophyceae), a non-toxic cyst forming
dinoflagellate from Bahia Concepcion, Gulf of California. Botanica marina,
46(1): 44-54.
Barile, P.J., 2004. Evidence of Anthropogenic Nitrogen Enrichment of the Littoral
Waters of East Central Florida. Journal of Coastal Research, 20(4): 1237-1245.
Bauer, M. L., Young, K.A. and Shimizu, Y., 1995. Isolation and Structure of
Caribenolide-I, A Highly Potent Antitumor Macrolide from a Cultured FreeSwimming Caribbean Dinoflagellate, Amphidinium sp. . Journal of organic
chemistry, 60(4): 1084-1086.
Bauer, A.W., Kirby, W.M.M., Sherris, J.C., Turck, M. and Kirby, W.M., 1966. Antibiotic
susceptibility testing by a standardized single disk method. American journal of
clinical pathology, 45(4): 493-&.
Bekheet, I.A. and Syrett, P.J., 1977. Urea-degrading enzymes in algae. British
Phycological Journal, 12: 137-143.
Berg, G., Repeta, D. and LaRoche, J., 2002. Dissolved organic nitrogen hydrolysis rates
in axenic cultures of Aureococcus anophagefferens (Pelagophyceae): Comparison
with heterotrophic bacteria. Applied and environmental microbiology, 68(1): 401404.
Berg, G.M., Glibert, P.M., Lomas, M.W. and Burford, M.A., 1997. Organic nitrogen
uptake and growth by the chrysophyte Aureococcus anophagefferens during a
brown tide event. Marine Biology, 129: 377-387.
Berges, J.A., Fisher, A.E. and Harrison, P.J., 1993. A comparison of Lowry, Bradford
and Smith protein assays using different protein standards and protein isolated
from the marine diatom Thalassiosira pseudonana. Marine Biology, 115(2): 187193.
Blanco, J., 1995. Cyst Production in Four Species of Neritic Dinoflagellates. Journal of
Plankton Research, 17(1): 165-182.
Boczar, B.A., Beitler, M.K., Liston, J., Sullivan, J.J. and Cattolico, R.A., 1988. Paralytic
Shellfish Toxins in Protogonyaulax tamarensis and Protogonyaulax catenella in
Axenic Culture. Plant physiology, 88(4): 1285-1290.
Bossart, G.D., Baden, D.G., Ewing, R.Y., Roberts, B. and Wright, S.D., 1998.
Brevetoxins in manatees (Trichechus manatus latirostris) from the 1996
epizootic: gross, histologic, and immunohistochemical features. Toxicologic
Pathology, 26(2): 276-282.
Bourdelais, A.J. et al., 2004. Brevenal is a natural inhibitor of brevetoxin action in
sodium channel receptor binding assays. Cellular and Molecular Neurobiology,
24(4): 553-563.

67

Boyer, G.L., Sullivan, J.J., Andersen, R.J., Harrison, P.J. and Taylor, F.J.R., 1987.
Effects of nutrient limitation on toxin production and composition in the marine
dinoflagellate Protogonyaulax tamarensis. Marine Biology, 96(1): 123-128.
Bradford, M.M., 1976. A rapid and sensitive method for the quantitation of microgram
quantities of protein utilizing the principle of protein-dye binding. Analytical
Biochemistry, 72 : 248-254.
Burkholder, J.M., 1998. Implications of Harmful Microalgae and Heterotrophic
Dinoflagellates in Management of Sustainable Marine Fisheries. Ecological
Applications, 8(1): S37-S62.
Cabrita, M., Vale, C. and Rauter, A., 2010. Halogenated Compounds from Marine Algae.
Marine drugs, 8(8): 2301-2317.
Carlsson, P., Edling, H. and Bechemin, C., 1998. Interactions between a marine
dinoflagellate (Alexandrium catenella) and a bacterial community utilizing
riverine humic substances. Aquatic microbial ecology, 16(1): 65-80.
Carpenter, E.J., Remsen, C.C. and Watson, S.W., 1972. Utilization of Urea by Some
Marine Phytoplankters. Limnology and Oceanography, 17(2): 265-269.
Catterall, W.A., 1985. The voltage sensitive sodium channel: a receptor for multiple
neurotoxins. In: D.M. Anderson, White and D.G. Baden (Editors), Toxic
Dinoflagellates. Elsevier, N. Y., pp. 329-341.
Cembella, A., 1988. Toxicity of Cultures Isolates and Natural Populations of
Protogonyaulax tamarensis from the St. Lawrence Estuary, Canada. Journal of
Shellfish Research, 7(4): 611-622.
Cembella, A.D., 1998. Ecophysiology and metabolism of paralytic shellfish toxins in
marine microalgae. In: D.M. Anderson, A.D. Cembella and G.M. Hallegraeff
(Editors), Physiological Ecology of Harmful Algal Blooms. NATO AWI series.
Springer-Verlag, Berlin Heidelberg.
Cembella, A.D., Sullivan, J.J., Boyer, G.L., Taylor, F.J.R. and Andersen, R.J., 1987.
Variation in paralytic shellfish toxin composition within the Protogonyaulax
tamarensis/catenella species complex; red tide dinflagellates. Biochemical
Systematics and Ecology, 15(2): 171-186.
Cembella, A.D. and Taylor, F.J.R., 1985. Biochemical variability within the
Protogonyaulax tamarensis/catenella species complex
Toxic dinoflagellates, 55-60 pp.
Chen, J.-H., Lim, J.-D., Sohn, E.-H., Choi, Y.-S. and Han, E.-T., 2009. Growth-inhibitory
effect of a fucoidan from brown seaweed Undaria pinnatifida on Plasmodium
parasites. Parasitology research, 104(2): 245-250.
Collier, J.L., Brahamsha, B. and Palenik, B., 1999. The marine cyanobacterium
Synechococcus sp. WH7805 requires urease (urea amiohydrolase, EC 3.5.1.5) to
utilize urea as a nitrogen source: molecular-genetic and biochemical analysis of
the enzyme. Microbiology, 145(2): 447-459.
Collos, Y., Gagne, C., Laabir, M., Vaquer, A. and Cecchi, P., 2004. Nitrogenous nutrition
of Alexandrium catenella (Dinophyceae) in cultures and in Thau lagoon, southern
France. Journal of phycology, 40(1): 96-103.
Collos, Y., Siddiqi, M.Y., Wang, M.Y., Glass, A.D.M. and Harrison, P.J., 1992. Nitrate
uptake kinetics by two marine diatoms using the radioactive tracer nitrogen-13.
Journal of experimental marine biology and ecology, 163(3): 251-260.
68

Collos, Y., Vaquer, A., Bibent, B., Slawyk, G. and Garcia, N., 1997. Variability in nitrate
uptake kinetics of phytoplankton communities in a Mediterranean coastal lagoon.
Estuarine, coastal and shelf science, 44(3): 369-375.
D'Elia, C.F., Sanders, J.G. and Boynton, W.R., 1986. Nutrient enrichment studies in a
coastal plain estuary: phytoplankton growth in large-scale, continuous cultures.
Canadian Journal of Fisheries and Aquatic Sciences, 43: 397-406.
Davis, C.C., 1948. Gymnodinium brevis sp. nov., a cause of discolored water and animal
mortality in the Gulf of Mexico. Botanical Gazette, 109: 358-360.
Deeds, J.R., Landsberg, J.H., Etheridge, S.M. and Pitcher, G.C., 2008. Non-traditional
vectors for paralytic shellfish poisoning. Marine Drugs, 6: 308-348.
del Pilar Sanchez-Saavedra, M., Licea Navarro, A. and Bernaldez Sarabia, J., 2010.
Evaluation of the antibacterial activity of different species of phytoplankton.
Revista de biología marina y oceanografía, 45(3): 531-536.
Desbois, A., Mearns Spragg, A. and Smith, V., 2009. A Fatty Acid from the Diatom
Phaeodactylum tricornutum is Antibacterial Against Diverse Bacteria Including
Multi-resistant Staphylococcus aureus (MRSA). Marine biotechnology, 11(1): 4552.
Dewick, P.M., 2001. Medicinal Natural Products- A Biosynthetic Approach. John Wiley
& Sons, West Sussex.
Dortch, Q., Clayton, J.R., Thoresen, S.S. and Ahmed, S.I., 1984. Species differences in
accumulation of nitrogen pools in phytoplankton. Marine Biology, 81(3): 237250.
Dugdale, R.C., 1967. Nutrient limitation in the sea: dynamics, identification, and
signficance. Limnology and Oceanography, 12: 685-695.
Dyhrman, S. and Anderson, D., 2003. Urease activity in cultures and field populations of
the toxic dinoflagellate Alexandrium. Limnology and Oceanography, 48(2): 647655.
Edmunds, J.S.G., McCarthy, R.A. and Ramsdell, J.S., 1999. Ciguatoxin reduces larval
survivability in finfish. Toxicon, 37(12): 1827-1832.
Eppley, R.W. and Peterson, B.J., 1979. Particulate organic matter flux and planktonic
new production in the deep ocean. Nature (Lond.), 282: 677-680.
Errera, R.M. and Campbell, L., 2011. Osmotic stress triggers toxin production by the
dinoflagellate Karenia brevis. Proceedings of the National Academy of Sciences,
108(26): 10597-10601.
Fistarol, G., Legrand, C., Selander, E., Hummert, C. and Stolte, W., 2004. Allelopathy in
Alexandrium spp.: effect on a natural plankton community and on algal
monocultures. Aquatic microbial ecology, 35(1): 45-56.
Fleming, L.E. et al., 2005. Initial evaluation of the effects of aerosolized Florida red tide
toxins (brevetoxins) in persons with asthma. Environmental Health Perspectives,
113(5): 650-657.
Flewelling, L.J. et al., 2005. Brevetoxicosis: Red tides and marine mammal mortalities.
Nature, 435(7043): 755-756.
Flynn, K., Franco, J., Fernandez, P., Reguera, B. and Zapata, M., 1994. Changes in toxin
content, biomass and pigments of the dinoflagellate Alexandrium minutum during
nitrogen refeeding and growth into nitrogen or phosphorus stress. Marine ecology
progress series, 111(1-2): 99-109.
69

Folmer, F., Jaspars, M., Dicato, M. and Diederich, M., 2010. Photosynthetic marine
organisms as a source of anticancer compounds. Phytochemistry Reviews, 9(4):
557-579.
Fujihara, M., Iizima, N., Yamamoto, I. and Nagumo, T., 1984. Purification and chemical
and physical characterisation of an antitumour polysaccharide from the brown
seaweed Sargassum fulvellum. Carbohydrate Research, 125(1): 97-106.
Gainey Jr, L.F. and Shumway, S.E., 1988. Physiological effects of Protogonyaulax
tamarensis on cardiac activity in bivalve molluscs. Comparative Biochemistry
and Physiology Part C: Comparative Pharmacology, 91(1): 159-164.
Garces, E., Bravo, I., Vila, M., Figueroa, R. and Maso, M., 2004. Relationship between
vegetative cells and cyst production during Alexandrium minutum bloom in
Arenys de Mar harbour (NW Mediterranean). Journal of Plankton Research,
26(6): 637-645.
Garces, E., Delgado, M., Maso, M. and Camp, J., 2002. Life history and in situ growth
rates of Alexandrium taylori (Dinophyceae, Pyrrophyta). Journal of phycology,
34(5): 880-887.
Gedaria, A.I., Luckas, B., Reinhardt, K. and Azanza, R.V., 2007. Growth response and
toxin concentration of cultured Pyrodinium bahamense var. compressum to
varying salinity and temperature conditions. Toxicon, 50: 518-529.
Gessner, B.D., 2000. Neurotoxic Toxins. Seafood and Freshwater Toxins: 65-90.
Glibert, P., Harrison, J., Heil, C. and Seitzinger, S., 2006. Escalating Worldwide use of
Urea – A Global Change Contributing to Coastal Eutrophication.
Biogeochemistry, 77(3): 441-463.
Glibert, P.M., Anderson, D.M., Gentien, P.G., Graneli, E. and Sellner, K.G., 2005. The
Global Complex Phenomena of Harful Algal Blooms. Oceanography 18(2): 136147.
Glibert, P.M. and Burkholder, J.M., 2006. The Complex Relationships between
Fertilization of the Earth, Coastal Eutrophication and Proliferation of Harmful
Algal Blooms. Ecology of Harmful Algae, 189. Springer, Berlin.
Glibert, P.M. and Terlizzi, D.E., 1999. Co-occurrence of elevated urea levels and
dinoflagellate blooms in temperate estuarine aquaculture ponds. Applied and
Environmental Microbiology, 65(12): 1-3.
Grauvogel, C., Reece, K., Brinkmann, H. and Petersen, J., 2007. Plastid isoprenoid
metabolism in the oyster parasite Perkinsus marinus connects dinoflagellates and
malaria pathogens - new impetus for studying alveolates. Journal of molecular
evolution, 65(6): 725-729.
Gunter, G., Williams, R.H. and Smith, F.G.W., 1948. Catastrophic mass mortality of
marine animals and coincident phytoplankton bloom on the West Coast of
Florida, November 1946 to August 1947. Ecological Monographs, 18(3): 311324.
Hallegraeff, G.M., 1993. A review of harmful algal blooms and their apparent global
increase. Phycologia, 32(2): 79-99.
Hamasaki, K., Horie, M., Tokimitsu, S., Toda, T. and Taguchi, S., 2001. Variability in
Toxicity of the Dinoflagellate Alexandrium Tamarense Isolated from Hiroshima
Bay, Western Japan, as a Reflection of Changing Environmental Conditions.
Journal of Plankton Research, 23(3): 271-278.
70

Hattenrath, T., Anderson, D. and Gobler, C., 2010. The influence of anthropogenic
nitrogen loading and meteorological conditions on the dynamics and toxicity of
Alexandrium fundyense blooms in a New York (USA) estuary. Harmful Algae,
9(4): 402-412.
Heil, C.A., 1986. Vertical migration of the Florida red tide dinoflagellate Ptychodiscus
brevis. M.S. Thesis, University of South Florida, St. Petersburg, 118 pp.
Heo, S.-J. et al., 2009. Effect of phlorotannins isolated from Ecklonia cava on
melanogenesis and their protective effect against photo-oxidative stress induced
by UV-B radiation. Toxicology in Vitro, 23(6): 1123-1130.
Honsell, G., De Bortoli, M., Boscolo, S., Dell'Aversano, C. and Battocchi, C., 2011.
Harmful Dinoflagellate Ostreopsis cf. ovata Fukuyo: Detection of Ovatoxins in
Field Samples and Cell lmmunolocalization Using Antipalytoxin Antibodies.
Environmental science & technology, 45(16): 7051-7059.
Jackson, G.A. and Williams, P.M., 1985. Importance of dissolved organic nitrogen and
phosphorus to biological nutrient cycling. Deep Sea Research Part A.
Oceanographic Research Papers, 32(2): 223-235.
Jensen, M.O. and Moestrup, O., 1997. Autecology of the toxic dinoflagellate
Alexandrium ostenfeldii: Life history and growth at different temperatures and
salinities. European journal of phycology, 32(1): 9-18.
John, E.H. and Flynn, K.J., 2000. Growth dynamics and toxicity of Alexandrium
fundyense (Dinophyceae): The effect of changing N:P supply ratios on internal
toxin and nutrient levels. European journal of phycology, 35(1): 11-23.
Johnson, J., Dennull, R., Gerena, L., Lopez Sanchez, M. and Roncal, N., 2007.
Assessment and continued validation of the malaria SYBR green I-based
fluorescence assay for use in malaria drug screening. Antimicrobial agents and
chemotherapy, 51(6): 1926-1933.
Keller, A. and Rice, R.L., 1989. Effects on Nutrient Enrichment on Natural Populations
of the Brown Tide Phytoplankton Aureococcus anophagefferens Chrosophyceae.
Journal of phycology, 25(4): 636-646.
Kellmann, R. et al., 2008. Biosynthetic intermediate analysis and functional homology
reveal a saxitoxin gene cluster in cyanobacteria. Applied and environmental
microbiology, 74(13): 4044-4053.
Kim, I., Lee, D.-G., Lee, S., Ha, J.-M. and Ha, B.-J., 2007. Antibacterial activity of Ulva
lactuca against methicillin-resistant Staphylococcus aureus (MRSA).
Biotechnology and bioprocess engineering, 12(5): 579-582.
Kirkpatrick, B., Fleming, L., Squicciarini, D., Backer, L. and Clark, R., 2004. Literature
review of Florida red tide: Implications for human health effects. Harmful algae,
3(2): 99-115.
Kobayashi, J.i. and Tsuda, M., 2004. Amphidinolides, bioactive macrolides from
symbiotic marine dinoflagellates. Natural Product Reports, 21(1): 77-93.
Kubanek, J., Hicks, M.K., Naar, J. and Villareal, T.A., 2005. Does the red tide
dinoflagellate Karenia brevis use allelopathy to outcompete other phytoplankton?
Limnology and Oceanography, 50(3): 883-895.
Kudela, R. and Cochlan, W., 2000. Nitrogen and carbon uptake kinetics and the influence
of irradiance for a red tide bloom off southern California. Aquatic Microbial
Ecology, 21(1): 31-47.
71

Landry, M., Barber, R., Bidigare, R., Chai, F. and Coale, K., 1997. Iron and grazing
constraints on primary production in the central equatorial Pacific: An EqPac
synthesis. Limnology and Oceanography, 42(3): 405-418.
Landsberg, J., Balazs, G., Steidinger, K., Baden, D. and Work, T., 1999. The potential
role of natural tumor promoters in marine turtle fibropapillomatosis. Journal of
aquatic animal health, 11(3): 199-210.
Landsberg, J.H., 1996. Neoplasia and biotoxins in bivalves: Is there a connection?
Journal of Shellfish Research, 15(2): 203-230.
Landsberg, J.H. et al., 2006. Saxitoxin puffer fish poisoning in the United States, with the
first report of Pyrodinium bahamense as the putative toxin source. Environmental
Health Perspectives, 114(10): 1502-1507.
Lane, A., Stout, E.P., Lin, A.-S., Prudhomme, J. and Le Roch, K., 2009. Antimalarial
Bromophycolides J-Q from the Fijian Red Alga Callophycus serratus. Journal of
organic chemistry, 74(7): 2736-2742.
Lawrence, J.F., Niedzwiadek, B. and Menard, C., 2005. Quantitative determination of
paralytic shellfish poisoning toxins in shellfish using prechromatographic
oxidation and liquid chromatography with fluorescence detection: collaborative
study. Journal of AOAC International, 88(6): 1714-1732.
Lawson, F., Charlebois, R. and Dillon, J.-A., 1996. Phylogenetic analysis of
carbamoylphosphate synthetase genes: Complex evolutionary history includes an
internal duplication within a gene which can root the tree of life. Molecular
biology and evolution, 13(7): 970-977.
Leadlay, P.F. et al., 2001. Engineering of complex polyketide biosynthesis — insights
from sequencing of the monensin biosynthetic gene cluster. Journal of Industrial
Microbiology & Biotechnology, 27(6): 360-367.
Leaw, C., Lim, P., Ng, B., Cheah, M. and Ahmad, A., 2005. Phylogenetic analysis of
Alexandrium species and Pyrodinium bahamense (Dinophyceae) based on theca
morphology and nuclear ribosomal gene sequence. Phycologia, 44(5): 550-565.
Levasseur, M., Thompson, P.A. and Harrison, P.J., 1993. Physiological acclimation of
marine phytoplankton to different nitrogen sources. J. Phycol, 29(5): 587-595.
Lin, Y.Y. et al., 1981. Isolation and Structure of Brevetoxin B from the red tide
dinoflagellate Ptychodiscus brevis (Gymnodinium breve). Journal of the American
Chemical Society, 103(22): 6773-6775.
López-Legentil, S., Song, B., DeTure, M. and Baden, D., 2010. Characterization and
Localization of a Hybrid Non-ribosomal Peptide Synthetase and Polyketide
Synthase Gene from the Toxic Dinoflagellate Karenia brevis Marine
Biotechnology, 12(1): 32-41.
Lukowski, G., Lindequist, U., Mundt, S. and Kramer, A., 2008. Inhibition of dermal
MRSA colonization by microalgal micro- and nanoparticles. Skin pharmacology
and physiology, 21(2): 98-105.
Maschek, J.A. and Baker, B.J., 2008. The chemistry of algal secondary metabolism
Algal chemical ecology, 1-24 pp.
Monroe, E.A. and Van Dolah, F.M., 2008. The Toxic Dinoflagellate Karenia brevis
Encodes Novel Type I-like Polyketide Synthases Containing Discrete Catalytic
Domains. Protist, 159(3): 471-482.
72

Murata, A., Leong, S.C.Y., Nagashima, Y. and Taguchi, S., 2006. Nitrogen:Phosphorus
supply ratio may control the protein and total toxin of dinoflagellate Alexandrium
tamarense. Toxicon, 48(6): 683-689.
Murray, C.J.L. et al., 2012. Global malaria mortality between 1980 and 2010: a
systematic analysis. The Lancet, 379(9814): 413-431.
Naar, J. et al., 2002. A competitive ELISA to detect brevetoxins from Karenia brevis
(formerly Gymnodinium breve) in seawater, shellfish, and mammalian body fluid.
Environmental Health Perspectives, 110(2): 179-185.
Nagai, H., 1992. Gambieric acids, new potent antifungal substances with unprecedented
polyether structures from a marine dinoflagellate Gambierdiscus toxicus. Journal
of organic chemistry, 57(20): 5448.
Nagai, H., Satake, M. and Yasumoto, T., 1990. Antimicrobial Activities of Polyether
Compounds of Dinoflagellate Origins. Journal of applied phycology, 2(4): 305308.
Navarro, J.M., Munoz, M.G. and Contreras, A.M., 2006. Temperature as a factor
regulating growth and toxin content in the dinofiagellate Alexandrium catenella.
Harmful algae, 5(6): 762-769.
Nixon, S.W., 1995. Coastal marine eutrophication: a definition, social causes, and future
concerns. Ophelia, 41: 199-219.
Nixon, S.W., Oviatt, C.A., Frithsen, J. and Sulllivan, B., 1986. Nutrients and the
productivity of estuarine and coastal marine ecosystems. Journal of the
Limnological Society of South Africa, 12(1/2): 43-71.
Ogata, T., Ishimaru, T. and Kodama, M., 1987. Effect of water temperature and light
intensity on growth rate and toxicity change in Protogonyaulax tamarensis.
Marine Biology, 95(2): 217-220.
Ogata, T. et al., 1982. The occurence of Protogonyaulax in Ofunato Bay, in association
with the toxification of the scallop Patinopectin yessoensis. Bulletin of the
Japanese Society for the Science of Fish 48: 563-566.
Ohta, S., Ikegami, N., Shiomi, Y., Aozasa, O. and Mase, Y., 1994. Enhanced Production
of Anti-Methicillin-resistant Staphylococcus aureus (MRSA) Substance by the
Marine Green Alga Dunaliella primolecta under Optimum Culture Conditions.
Botanica Marina, 37(6): 561-566.
Oshima, Y., 1995. Postcolumn Derivitization Liquid-Chromatographic Method for
Paralytic Shellfish Toxins. Journal of AOAC International, 78(2): 528-532.
Oshima, Y., Blackburn, S.I. and Hallegraeff, G.M., 1993. Comparative study on paralytic
shellfish toxin profiles of the dinoflagellate Gymnodinium catenatum from three
different countries. Marine Biology, 116(3): 471-476.
Oshima, Y., Hasegawa, M., Yasumoto, T., Hallegraeff, G. and Blackburn, S., 1987.
Dinoflagellate Gymnodinium catenatum as the source of paralytic shellfish toxins
in Tasmanian shellfish. Toxicon, 25(10): 1105-1111.
Ouzounis, C.A. and Kyrpides, N.C., 1994. On the evolution of arginases and related
enzymes. Journal of molecular evolution, 39(1): 101-104.
Paerl, H.W., 1988. Nuisance Phytoplankton Blooms in Coastal, Estuarine, and Inland
Waters. Limnology and Oceanography, 33(4): 823-847.

73

Paerl, H.W. and Whitall, D.R., 1999. Anthropogenically-Derived Atmospheric Nitrogen
Deposition, Marine Eutrophication and Harmful Algal Bloom Expansion: Is
There a Link? Ambio, 28(4): 307-311.
Palinska, K.A., Jahns, T., Rippka, R. and Tandeau de Marsac, N., 2000. Prochlorococcus
marinus strain PCC 9511, a picoplanktonic cyanobacterium, synthesizes the
smallest urease. Microbiology, 146(12): 3099-3107.
Parkhill, J.-P. and Cembella, A.D., 1999. Effects of salinity, light and inorganic nitrogen
on growth and toxigenicity of the marine dinoflagellate Alexandrium tamarense
from northeastern Canada. Journal of Plankton Research, 21(5): 939-955.
Paul, V.J. and Fenical, W., 1984. Novel bioactive diterpenoid metabolites from tropical
marine algae of the genus Halimeda (Chlorophyta). Tetrahedron, 40(16): 30533062.
Pfiester, L.A., 1975. Sexual Reproduction of Peridinium cinctum f. ovoplanum
(Dinophyceae). Journal of phycology, 11(3): 259-265.
Phlips, E.J., Badylak, S., Bledsoe, E. and Cichra, M., 2006. Factors affecting the
distribution of Pyrodinium bahamense var. bahamense in coastal waters of
Florida. Marine Ecology-Progress Series, 322: 99-115.
Phlips, E.J., Badylak, S., Youn, S. and Kelley, K., 2004. The occurrence of potentially
toxic dinoflagellates and diatoms in a subtropical lagoon, the Indian River
Lagoon, Florida, USA. Harmful Algae, 3: 39-49.
Pierce, R.H. et al., 2005. Brevetoxin composition in water and marine aerosol along a
Florida beach: assessing potential human exposure to marine biotoxins. Harmful
Algae, 4: 965-972.
Pietra, F., 1997. Secondary metabolites from marine microorganisms:bacteria, protozoa,
algae and fungi. Achievements and prospects. Natural Product Reports : 453–464.
Prince, E., Poulson, K., Myers, T., Sieg, R.D. and Kubanek, J., 2010. Characterization of
allelopathic compounds from the red tide dinoflagellate Karenia brevis. Harmful
algae, 10(1): 39-48.
Proctor, N.H., Chan, S.L. and Trevor, A.J., 1975. Production of saxitoxin by cultures of
Gonyaulax catenella. Toxicon, 13(1): 1-9.
Prol, M. et al., 2009. Evaluation of the production of paralytic shellfish poisoning toxins
by extracellular bacteria isolated from the toxic dinoflagellate Alexandrium
minutum. Canadian journal of microbiology, 55(8): 943-954.
Qu, Q., Morizono, H., Shi, D., Tuchman, M. and Caldovic, L., 2007. A novel
bifunctional N-acetylglutamate synthase-kinase from Xanthomonas campestris
that is closely related to mammalian N-acetylglutamate synthase. BMC
biochemistry, 8(1): 4.
Ravikumar, S., Inbaneson, S., Suganthi, P., Gokulakrishnan, R. and Venkatesan, M.,
2011. In vitro antiplasmodial activity of ethanolic extracts of seaweed macroalgae
against Plasmodium falciparum. Parasitology research, 108(6): 1411-1416.
Rickards, R., Rothschild, J., Willis, A., de Chazal, N. and Kirk, J., 1999. Calothrixins A
and B, novel pentacyclic metabolites from Calothrix cyanobacteria with potent
activity against malaria parasites and human cancer cells. Tetrahedron, 55(47):
13513-13520.

74

Rios, N., Medina, G., Jimenez, J., Yanez, C. and Garcia, M., 2009. Antibacterial and
antifungal activity from extracts of Venezuelan marine algae. Revista peruana de
biología, 16(1): 97-100.
Ryther, J.H. and Dunstan, W.M., 1971. Nitrogen, phosphorus, and eutrophication in the
coastal marine environment. Science (Washington, D.C.), 171: 1008-1013.
Santhi, R. and Annapoorani, S., 2010. Antibacterial Activity of Clerodendron inerme
Against Staphylococcus aureus, Escherichia coli, Klebsiella pneumoniae and
Bacillus subtilis. Advances in plant sciences, 23(2): 391-393.
Santhi Silambanan, J., 2009. Significance of Blood Ammonia in Uremic Encephalopathy.
Sri Ramachandra Journal of Medicine, 1(1).
Satake, M., Bourdelais, A.J., Van Wagoner, R.M., Baden, D.G. and Wright, J.L., 2008.
Brevisamide: An Unprecedented Monocyclic Ether Alkaloid from the
Dinoflagellate Karenia brevis That Provides a Potential Model for Ladder-Frame
Initiation. Org Lett.
Shanab, S.M.M., Shalaby, E., Lightfoot, D. and El Shemy, H., 2010. Allelopathic Effects
of Water Hyacinth [Eichhornia crassipes]. PLoS ONE, 5(10): e13200.
Sheng, J., Malkiel, E., Katz, J., Adolf, J. and Place, A., 2010. A dinoflagellate exploits
toxins to immobilize prey prior to ingestion. Proceedings of the National
Academy of Sciences of the United States of America, 107(5): 2082-2087.
Shimizu, Y., 1990. Biosynthesis of Dinoflagellate Toxins. Toxic Marine
Phytoplankton;4th International Conference: 61-74.
Shimizu, Y., 1993. Microalgal Metabolites. Chem. Rev., 93: 1685-1698.
Shimizu, Y., 2003. Microalgal metabolites. Current Opinion in Microbiology, 6: 236243.
Shimizu, Y., Norte, M., Hori, A., Genenah, A. and Kobayashi, M., 1984. Biosynthesis of
Saxitoxin Analogues - The Unexpected Pathway. Journal of the American
Chemical Society, 106(21): 6433-6434.
Shumway, S.E., 1995. Phycotoxin-related shellfish poisoning: bivalve molluscs are not
the only vectors. Reviews in Fisheries Science, 3(1): 1-31.
Sigua, G. and Tweedale, W., 2003. Watershed scale assessment of nitrogen and
phosphorus loadings in the Indian River Lagoon basin, Florida. Journal of
Environmental Management, 67(4): 363-372.
Siu, G., Young, M. and Chan, D., 1997. Environmental and nutritional factors which
regulate population dynamics and toxin production in the dinoflagellate
Alexandrium catenella. Hydrobiologia, 352(1): 117-140.
Smayda, T.J., 1997. Harmful Algal Blooms: Their Ecophysiology and General Relevance
to Phytoplankton Blooms in the Sea. Limnology and oceanography, 42(5): 11371153.
Smayda, T.J. and White, A.W., 1990. Has there been a global expansion of algal blooms?
If so is there a connection with human activities? Toxic Marine Phytoplankton.
Elsevier, New York, 516-517 pp.
Sogawa, K., Sumida, T., Hamakawa, H., Yhamada, T. and Matsumoto, K., 1998.
Inhibitory effect of a marine microalgal polysaccharide on the telemerase activity
in K562 cells. Research communications in molecular pathology and
pharmacology, 99(3): 259-265.
75

Solomon, C., Collier, J., Berg, G. and Glibert, P., 2010. Role of urea in microbial
metabolism in aquatic systems: a biochemical and molecular review. Aquatic
microbial ecology, 59(1): 67-88.
Solomon, R.D.J. and Santhi, V.S., 2008. Purification of bioactive natural product against
human microbial pathogens from marine sea weed Dictyota acutiloba J. Ag.
World journal of microbiology & biotechnology, 24(9): 1747-1752.
Sommer, H. and Meyer, K.E., 1937. Paralytic Shellfish Poisoning. Arch. Paihol., 24:
560-598.
Steidinger, K., 1973. The Effects of Gymnodinium breve toxin on Estuarine Animals. In:
D.F. Martin and G.M. Padilla (Editors), Marine Pharmacognosy. Action of
Marine Biotoxins at the Cellular Level. Academic Press, New York, pp. 179-202.
Steidinger, K.A., 1975. Implications of dinoflagellate life cycles on initiation of
Gymnodinium breve red tides. Environmental Letters, 9(2): 129-139.
Su, Z., Sheets, M., Ishida, H., Li, F. and Barry, W.H., 2004. Saxitoxin Blocks L-Type
ICa. Journal of Pharmacology and Experimental Therapeutics, 308(1): 324-329.
Takahashi, Y., Kubota, T. and Kobayashi, J.i., 2007. Amphidinolactone B, a new 26membered macrolide from dinoflagellate Amphidinium sp. The Journal of
Antibiotics, 60(6): 376-379.
Tester, P.A. and Steidinger, K.A., 1997. Gymnodinium breve Red Tide Blooms:
Initiation, Transport, and Consequences of Surface Circulation. Limnology and
oceanography, 42(5): 1039-1051.
Tillman, U., 2002. Toxic effects of Alexandrium spp. on heterotrophic dinoflagellates: an
allelochemical defense mechanism independent of PSP-toxin content. Marine
Ecology Progress Series, 230: 47-58.
Trainer, V. and Baden, D., 1999. High affinity binding of red tide neurotoxins to marine
mammal brain. Aquatic Toxicology, 46(2): 139-148.
Tsuda, M., Oguchi, K.,Iwamoto, R., Okamoto, Y., Kobayashi, J., Fukushi, E., Kawabata,
J., Ozawa, T., Masuda, A., Kitaya, Y., Omasa, K., 2007. Iriomoteolide-1a, a
potent cytotoxic 20-membered macrolide from a benthic dinoflagellate
Amphidinium species. Journal of organic chemistry, 72(12): 4469-4474.
Turner, J.T., Tester, P.A. and Hansen, P.J., 1998. Interactions between toxic marine
phytoplankton and metazoan and protistan grazers. In: D.M. Anderson, A.D.
Cembella and G.M. Hallegraeff (Editors), Physiological Ecology of Harmful
Algal Blooms. NATO-Advanced Study Institute Series. Springer-Verlag,
Heidelberg, pp. 453-474.
Turpin, D.H., Dobell, P.E.R. and Taylor, F.J.R., 1978. Sexuality and Cyst Formation in
Pacific Strains of Toxic Dinoflagellate Gonyaulax tamarensis. Journal of
phycology, 14(2): 235-238.
Umemura, K., Yanase, K., Suzuki, M., Okutani, K. and Yamori, T., 2003. Inhibition of
DNA topoisomerases I and II, and growth inhibition of human cancer cell lines by
a marine microalgal polysaccharide. Biochemical pharmacology, 66(3): 481-487.
Usup, G. and Anderson, D., 1996. Effects of nitrogen availability on toxin and
chlorophyll content in the red tide dinoflagellate Pyrodinium bahamense var.
compressum. Malaysian applied biology, 25(1): 87-92.

76

Usup, G. and Azanza, R.V., 1998. Physiology and bloon dynamics of the tropical
Dinoflagellate Pyrodinium bahamense. Physiological Ecology of Harmful Algal
Blooms, G41: 81-94.
Usup, G., Kulis, D.M. and Anderson, D.M., 1994. Growth and toxin production of the
toxic dinoflagellate Pyrodinium bahamense var. compressum in laboratory
cultures. Natural Toxins, 2(5): 254-262.
Van Dolah, F.M., 2000. Marine Algal Toxins: Origins, Health Effects, and Their
Increased Occurrence. Environ Health Perspect, 108(s1).
Vargo, G.A. et al., 2008. Nutrient availability in support of Karenia brevis blooms on the
central West Florida Shelf: What keeps Karenia blooming. Continental Shelf
Research, 28(1): 73-98.
Vilotijevic, I. and Jamison, T.F., 2007. Epoxide-Opening Cascades Promoted by Water.
Science, 317: 1189-1192.
Vitousek, P.M. et al., 1997. Technical Report: Human Alteration of the Global Nitrogen
Cycle: Sources and Consequences. Ecological Applications, 7(3): 737-750.
Wang, D.Z., 2002. Effects of nitrate and phosphate on growth and C2 toxin productivity
of Alexandrium tamarense CI01 in culture. Marine pollution bulletin, 45(1-12):
286-289.
Wang, J., Salata, J.J. and Bennett, P.B., 2003. Saxitoxin Is a Gating Modifier of hERG
K+ Channels. The Journal of General Physiology, 121(6): 583-598.
Washida, K., 2006. Karatungiols A and B, two novel antimicrobial polyol compounds,
from the symbiotic marine dinoflagellate Amphidinium sp. Tetrahedron letters,
47(15): 2521.
Watras, C.J., Chisholm, S.W. and Anderson, D.M., 1982. Regulation of growth in an
estuarine clone of Gonyaulax tamarensis Lebour: Salinity-dependent temperature
responses. Journal of experimental marine biology and ecology, 62(1): 25-37.
White, A.W., 1986. High toxin content in the dinoflagellate Gonyaulax excavata in
nature. Toxicon, 24(6): 605-610.
Wiese, M., D'Agostino, P.M., Mihali, T.K., Moffitt, M.C. and Neilan, B.A., 2010.
Neurotoxic Alkaloids: Saxitoxin and Its Analogs. Marine Drugs, 8(7): 2185-2211.
World Health Organization, 2011. World Malaria Report 2011.
Yang, I. et al., 2010. Comparative gene expression in toxic versus non-toxic strains of the
marine dinoflagellate Alexandrium minutum. BMC Genomics, 11(1): 248.
Yi, Z., Yin-shan, C. and Hai-sheng, L., 2001. Screening for antibacterial and antifungal
activities in some marine algae from the Fujian coast of China with three different
solvents. Chinese Journal of Oceanology and Limnology, 19(4): 327-331.
Young, F.M., Thomson, C., Metcalf, J.S., Lucocq, J.M. and Codd, G.A., 2005.
Immunogold localisation of microcystins in cryosectioned cells of Microcystis.
Journal of Structural Biology, 151(2): 208-214.
Yu, W., Bozza, P., Tzizik, D., Gray, J. and Cassara, J., 1998. Co-compartmentalization of
MAP kinases and cytosolic phospholipase A2 at cytoplasmic arachidonate-rich
lipid bodies. The American Journal of Pathology, 152(3): 759-769.
Zhang, W. and Tang, Y., 2008. Combinatorial Biosynthesis of Natural Products. Journal
of Medicinal Chemistry, 51(9): 2629-2633.

77

Zor, T. and Selinger, Z., 1996. Linearization of the Bradford Protein Assay Increases Its
Sensitivity: Theoretical and Experimental Studies. Analytical Biochemistry,
236(2): 302-308.
Zubia, M., Fabre, M., Kerjean, V., Le Lann, K. and Stiger Pouvreau, V., 2009.
Antioxidant and antitumoural activities of some Phaeophyta from Brittany coasts.
Food chemistry, 116(3): 693-701.
Zuridah, H., Fairuz, A.R.M., Zakri, A.H.Z. and Rahim, M.N.A., 2008. In vitro
antibacterial activity of Nigella sativa against Staphylococcus aureus,
Pseudomonas aeruginosa, Klebsiella pneumoniae, Escherichia coli and Bacillus
cereus. Asian journal of plant sciences, 7(3): 331-333.

78

Appendices

79

Appendix A: Raw Cell Count Data for Chapter 3

80

Appendix B: Raw HPLC Toxin Data for Chapter 3

81

Appendix C: Raw Cell Counts and HPLC Toxin Data for Chapter 4

82

